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Sir, 

As one of the earliest pioneers in the march of Internal 
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ful advocates in our National Councils, during the unusually long 
period in which you occupied the station of a Representative in 
Congress, there is no one to whom this little volume could with more 
propriety be dedicated than to yourself. But strong as are these claims 
on the attention of its author, a more pleasing duty falls to his lot, in 
laying it before you as an humble offering to an early and kind friend,-^ 
one to whom he is indebted for his first important step in life, his 
admission as a Cadet into our only National School ; he therefore, 
Sib, requests your acceptance of its dedication to you as a tribute of 
grateful remembrance ; and, in offering it, begs to renew his sincere 
wishes for your health and prosperity^ 

D. H- MAHAN, * 
XMUed StaUs* MUitary Academy j ) 
West Paint, Jume 1, 1837. \ 



PREFACE. 



The best apology which the author of this work can offer, 
for ushering a new book into the scientific world, is the abso- 
lute want of some treatise of an elementary character, ar- 
ranged as a text book for instruction, on the subject of which 
it treats. So far as the author's information extends, there 
is, he believes, no work of a similar character either in Eng«> 
lish or in French, the two languages which are within the 
comprehension of the majority of persons engaged in the 
profession of ci^il engineers, except the Programma of the 
Course of Civil Constructions, as taught, many years back, 
at the Pol]rtechnic School, by M. Sganzin, an eminent French 
engineer, and which has been translated into English and 
published in bur own country. This work, it is unnecessary to 
say to those into whose hands it may have fallen, is almost « 
dead letter to persons who are entirely unacquainted with the 
subject of constructions, and to those who are, it leaves much 
to be desired; being, as its title shows, nothing more than a 
very meagre outline of the Course taught by the able Pro* 
fessor, whose name it bears, and was designed by him only 
to refresh the memories of the pupils who had profited by his 
instruction. 

Charged with teaching in the Military Academy a course 
of civil constructions, conjointly with the one of military 
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engineering, the author was forced to gather bis means 
fromevery source within his reach, and to embody them in the 
most convenient manner, for the benefit of his pupils. The 
information thus collected, assumed by degrees the form of 
the work now laid before the public. It is but a part of the 
course taught, at present, to the Cadets of the Military Aca- 
demy ; being what the author deemed would be most suited 
to the wants of other seminaries of learning, and to young 
men who are preparing themselves as civil engineers. 

The author claims no merit for the contents of the work ; 
the ideas and precepts, which it embodies, are but a part of 
the common stock belonging to the profession in general ; he 
has only endeavored to exercise a discriminating judgment 
in selecting from the various sources of information, both 
written and oral, to which he had access, what seemed to him 
most worthy of confidence. The faults of the work, of 
which no one can be more sensible than the author is, are 
peculiarly his own ; its merits must be shared among many 
abler authorities both among the dead and living. 

With respect to the matter selected and its arrangement, 
the author has only to say, that he has chiefly aimed at being 
sound and clear ; he has given the work as popular a form as 
he conscientiously could; omitting nothing, however, which 
the cause of sound instruction seemed to demand. Gould 
be have pr^^vaiied upon himself, in obedience to what appears 
to be the pervading taste of the moment, to have pursued a 
different course, he should have held himself not only as re- 
creant to that cause, but as having contributed to weaken the 
powers of the human mind, by relieving it of the necessity 
fi)r patient investigation and close reasoning which alone can 
give it that vigor which achieves excellence and commands 
success in every department of life. 

VhUed States* Military Academy, \ 
June 1, 1837. 3 

NOTE. 

As the author frequeoUy receives letters from persons, about commencing the 
Atudy of ciTil engineering, asking his counsel, both as to the best course to he 
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poraued, and the best works to be studied, he would, in this place, respectfully 
offier the ibllowing remarks : 

A thorough acquaintance with themathematics^he author considers as indis- 
pensable to a successful pursuit of this profession ; without this essential ground 
work, he confesses, that he is entirely at a loss to conceive, how any sound ac- 
quirements, other than a few mechanical rules, acquired in the routine of prac- 
tice, can be made in it. Without w ishing to prejudice the works of others, the 
author would call attention to the very complete Course of Mathematics of 
Professor Davies, late Professor of Mathematics in the Military Academy, as 
the best that has fallen under his observation in the English language. The 
great success of this gentleman as a teacher, is alone a sufficient guarantee of 
the excellence of his works, in the arrangement of which, moreover, he has 
followed the best of mathematical schools, the French. As more immediately 
connected with the mathematics, and as an indispensable branch of knowledge to 
the engineer, the author would also mention a Treatise on Topography, by 
LietLterunU Blastman of the U. S. Army, now acting as Assistant Teacher of 
Drawing in the Military Academy, which is now in the hands of the publisher, 
and may be shortly expected from the 'press. The merits of this gentleman 
as a finished draughtsman may lead us to expect an excellent work on this 
branch. 

Connected with the Art of Constructions and applied mathematics, the au- 
thor would mention the name of M. r^AviER. The European reputation of this 
eminent savan and engineer, would render eulogium from the author more, if 
possible, than supererogatory. His name is connected, either as author or edi- 
tor, with the ablest works on the subject under consideration, that have appeared 
in France within the last twenty years ; and the best counsel that the author 
could give to every young engineer, is to place in his library every work of 
science to which M. Navier's name is in any way attached. 

Of treatises on special branches of civil engineering, the author would men- 
tion, 

Smeaton's works generally. 

The Articles Bridge^ Canals^ and Carpentry^ in the Edinburgh Encyclope- 
dia, and the Supplements both to it and to the Encyclopedia Britannica. 

Tredgold on CarperUry. 

Tredgold on Cast Iron. 

Transactions of the Society of Civil Engineers. 

De Pambour on Locomotives, 

Wood on Rail-Roads, 

Pamell on Common Roads, 

Storrow on the Conveyance of Water. 

De Gerstner (traduit par M. Girard) sur les Chemins a Ornieres. 

Treussart sur les Mortiers, 

The works containing descriptions of particular constructions, are too nume- 
rous to be mentioned here. The author would recommend every young engi- 
neer to procure all of this character, from authentic sources, that his means will 
admit of; for he win find in them those practical details, which cannot enter in 
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an elementary treatise. Among works of this character, the author wouM, 
particularly, call attention to the able reports made by the engineers of our 
country, within the last twenty years, on the yarious works of internal improre- 
xUents undertaken within this period. The young engineer will find in these 
reports information, which he would seek for in vain at any other source. 

The author is led to hope, that the profession will receiye an inraluable addi- 
tion to the common stock, on that very imperfectly understood subject, among 
our builders, the composition of mortars, from Cdonel Totten of the United 
States Corps of Engineers. This distinguished officer has made this subject a 
particular study, for many years back ; and has instituted a wide range of ex- 
periments, at the works under his charge, on the different varieties of lime found 
in our country. It is to this gentleman, that the author is indebted for the con- 
firmation of many of the tacts, laid down in this Course, under the head of 
Mortars. 



T%e author is indebted for the drawings of most of the plates j accompanying 
this workf to one of his pupils^ Lieutenant J. Carle Woodruffs of the U. S. 
Army, at preserU Assistant Prof, of Engineering in the Military Academy. 
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Plate L 

Fio. 1. Vertical section of a Spheroidal Lime KUn to be heated 
with wood. 

A. Fire-place. 

B. Inner Lining of the kiln of fire brick. 

C. General mass of the kiln. 

D. Shed to cover the top of the kiln. 

E. Spherical dome, formed of the larger blocks of lime stone 

just above the flues of the fire-place, to give the flame a freer 
passage through the body of the stone. 

F. Body of lime stone. 

Fig. 2. Plan and Section of a Conical Lime Kiln for pit or charcoal. 
A, A^ Annular vault into which the lime is received after being burnt. 
G,G^ Entrances to the annular vault. 

B. Greneral mass of the kiln. 

C. Small spherical vault with flues at top to supply air to the 

combustible. 

D. Conical nucleus of stone to facilitate the passage of the burnt 

stone into the openings made in the annular arch. 
EI. Small parapet wall around the top of the kiln. 
F. Body of lime stone and combustible material. 
FiG.'3. Plan and Section of a Kiln for burning Clay for Cement. 

A, A. Fire-places. 

B, B^ Oven in which the clay is burnt. 
FiQ. 4. Elevation of a Mortar Mill. 

A. Circular trough for the reception of the materials. 

B. Wheel running in the trough to mix the materials. 

C. Axle of the wheel to which ahorse is attached. 

D. Vertical axle which receives the axle of the wheel. 
Fig. 5. Section of an Ordinary Mortar Mill. 

A. Vertical axle which receives the rakes. 

B. Horizontal arm to which the horse is attached at the hoop C. 
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FiQ. 6. Elevatumofa CW Siame waU vlA a greaibatter, 
a, m Exterior stone with dbow joints, 
b Bottom stone tenned a die or newtiL 
Fio. 7. Fertical Section of a WaU wiik CtU Stone facing A, and 

BnbbU backing B, 
FIQ.S. AEUvaiio%BPkm^mmACSeetianofa WaU^fonntdof 
headers and stretdUn. 
n. Stietcker. 
b. Header. 
FiQ. 9. A Elecationj and B Plan of a Wall Avmed with dore-tafled 
or joggled blocks, connected with iron cnmps and bolts. 
C PerspecliTe ricw of a single block. 
D. Perspectire Tiew of two blocks joined. 
FiCk 10. Cro9s Sectionofa GriUage and Platform on Piles. 

a. Capping. 

b. Planks of PUtforaL 

c. String pieces. 

d. Cross pieces. 

e. Notches into which the string pieces are fitted, 
h, h. Piles. 

A. Enrockment of brc^en stone. 

PlatkS. 

FiQ.ll.Croes Section of a WaU laid on a bed of Sand, 

A. Sand. 

B. Masonry. 

FiQ. 12. Cro99 Sectionofa WaU laid on Sand Piles. 
A, A. Pile holes filled with sand. 

B. Masonry of wall. 
Fig. 13. Cross Section of a Coffer Dam. 

a, a. Piles. 

b, b. Exterior string pieces connecting the piles, 
c. Cross pieces notched on the string pieces. 

e. Interior ribband pieces against whicJi the sheedng-piles d are 

driren. 
A. Puddling. 
Fig. 14. Cross Section of a floating Ctiisson. 

a. Bottom of scantling and plank to receire the masonry A. 

b. Uprights against which the plank of the sides are nailed. 

c. Cross pieces notched on the uprights and connecting the sides. 

d. Iron bars to connect the bottom and sides. 

e. String pieces notched on the Cross pieces to confine them. 
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Fia. 15. Cross Section and Plan of a Quids Orating for Piles. 

a, a'. Cross pieces of the grating. 

b, b'. String pieces notched in pairs on cross pieces* 
e, c, c'. Foundation piles* 

d, d'. Scaffolding piles. 

e,e^ Ghiide piks for settling the grating* i 

Fio. 16. Plan and Cross Section of a fixed Caisson, 
a,a,a',a^ Principal uprights. 

b,b' &c. String pieces notched in pairs on the uprights. 
c,c' dbc. Heavy sheeting piles driven between the string pieces* 

d,d^ Iron bars connecting the sides of the caisson. 
Fig. 17. Cross tSectioH of a Coffer Dam^ a la Th^eussart, 

a, a. Exterior and interior sheeting to confine the puddling B. 

b. String pieces to connect the sheeting piles. 

c. Cross pieces notched on the string pieces. 
A. Bed of beton to receive the masonry C* 

Fig. 18. Cross Section of a Foundation, 

A. Batter of foundation. 

B. Offsets of foundation. 

C. Masonry of superstructure. 

Fig. 19. Cross Section of Foundation with Reversed Arches, 

a. Reversed arches. 

b. Askew backs. 
B. Superstructure. 

Fig. 20. Longitudinal Section of a Stone Arch, 

A. Arch stones or vouss(Mr». 

B. Key-stone. 

C. Mass of abutment* 

D. Backing of arch. 

E. Askew back stone* 

a. Springing line. 

b. Crown of arch or intrados. 

Plate 3. 

Fig. 21. Elevation of a heavy Brick Arch. 
A and B. Shells. 

C. Blocks. 
Fig. 22. Cross Section of a Brick Arch at the Crown, 

a. First course at intrados. 
band c. Intermediate courses. 

d. Course at intrados. 
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Fig. 23. Horizontal Beam attached to a wall at A, loaded mth a 
weight W at D, and loith the eqtuil Wfiights w at the in- 
termediate points a$ B and C. 

Fig. 24. Horizontal Beam supported on two props and loaded with 
a weight W ai any point C. 

Fig. 25. Horizontal Beam cUtached to the wall at C and resting on 
a prop at B and loaded with a weight W at the middlt 
point C. 

Fig. 26. Horizontal Beam resting on three props and loaded with 
the weights W and W between the props. 

Fig. 27. Horizontal Beam resting on a fixed vertical support and 
having a weight W applied at C, 

Fig. 28. Inclined Beam with a weight W applied at B. 

Fig. 29. Inclined Beam with a weight W applied ai C. 

Fig. 30. Bent Beam. 

Fig. 31. Built beam without vertical joirUs confined by iron straps a. 

Fig. 32. Built beam with vertical joints conjinedby iron straps. 

Fig. 33. Built beam with keysh and straps. 

Fig. 34. Built beam with indented courses and straps. 

Fig. 35. Built beam strengthened by braces and uprights. 

A. Upper beam. 

B. Lower beam. 

a, a. Uprights connecting the beams A and B. 
b and c. Diagonal braces. 
Fig. 36. Wooden Arch. 

a, a. Uprights at equalintervals which transmit the weight di£fused 

over C to the arch. 
Fig. 37. Inclined beams confined at A and B with a weight suspen- 
ded from their point of junction C. 
Fig. 38. Horizontal beam resting on two fixed inclined supports 

with a weight W suspended at CL 
Fig. 39. Horizontal beam supported by a brace ivith a weight W 

applied at C 
Fig. 40. Horizontal beam sustained by a fixed upright and inclined 

brace with a weight W suspended from C. 
Fig. 41. Same as Fig. 40, except the upright is braced. 
Fig. 42. Horizontal beam resting on two props and sustained by 

braces. 
Fig. 43. Horizontal beam on two fixed uprights and strengthened 

with braces. 
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Plate 4. 

Fig. 44. Iron Strap arranged for screwing up, 

a. Strap. 

b. Cross piece with eyes to receive the ends of the strap. 

c. Screw nuts to confine the piece b. 
Fio. 45. Double Wedged Key. 

a and b. Wedges. 

c. Piece with a square notch to receive the wedges. 
Fio. 46. Built indented Beam with an iron King BoU a. 
Fio. 47. Fished Beam, 
a and b. Pieces abutting end to end and confined by the lateral pieces 

c and d, and bolts. 
Fio. 48. Fished Beam confined by lateral pieces arranged within- 

dents, bolts and keys. 
Fio. 49. Scarfed Beam confined by straps bolts and keys. 
Fio. 50. Scarfed Beam for cross strains, secured by straps, keys 

and a bottom piece c. 
Fig. 51. Scarfed Beam for a cross and longitudinal strain, secured 

by a double-wedge key c, a bottom strap d, and boUs. 
Fig. 52. Mortise and Tenon joint. 

a. Tenon. 

b. Mortise. 

c. Pinhole. 

Fig. 53. Mortice Joint for inclined pieces. 
a b c. Notch made in the piece B to receive the end of A. 

d. Form of the tenon of the piece A. 
Fig. 54. Dove-tail joint. 

Fig. 55. Iron Strap for securing a joint near a wall, 

a, a, a. Lateral pieces of the strap. 

c, c. Cross pieces to secure the lateral pieces and the joint. 

Fig. 56. Iron Strap for securing a joint between two beam^. 

Fig. 57. Cross Section of a Road in Cutting. 

A. Road surface. 

B. Side slopes. 

C. Top surface drain. 

Fig. 58. Cross Section of a Road in Cutting on Slate with side 

slopes cut into steps and covered with earth. 
Fig. 59. Cross Section of Road in Filling. 
Fig. 60. Cross ^Section of Road in Side Cutting. 
Fig. 61. Cross Section of a Road in steep Side Cutting. 

A. Filling. 

B. Sustaining wall of filling. 
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C. Breast wall of cuttiDg. 

D. Parapet wall of foot-path. 

Plate 5. 

Fig. 62. Level for forming Road Surftice. 
A. Level, 
b c. Horizontal line through the middle point of the road-way. 
a, a. Sliding gauges to mark the distances of the points of the road 
surface below b c. 
Fig. 64. Cross Section of a covered Drain. 
A. Drain, 
a, B. Side walls. 

b. Top stones. 

c. Bottom stones. 

d. Broken stone or large gravel laid over brush. 
Fig. 63. Cross Section of Broken Stone Road Covering, 

A. Road surface. 

B. Side channels. 

C. Foot-path. 

D. Covered drains, or culverts, leading from side channels to 

the side drams E. 
Fig. 65. Paved Road Covering, 
A. Pavement. 

C. Curb stone. 

D. Flagging of side walk. 

Fig. 66. Cross Section of Road through a Cross Drain. 

A. Inlet to cross drain for water from the side channel. 

B. Cross drain. 

C. Side drain. 

Fig. 67. Elevation of the Head of a Bridge. (Full Centre Arch.) 

A. Starlings. 

B. Hood or cap of starling. 

C. Voussoirs. 

D. Spandrel courses. 

E. Parapet of bridge. 

Fig. 68. Elevation of Head of a Bridge. (Segment Arch.) 

A. Starling. 

B. Hood. 

C. Voissoirs. 

D. Spandrel courses. 

E. Parapet. 

Fig. 69. Elevation as in Fiqb. 67, 68. (Oval Arch of three Centres,) 
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Plate 6. 

Fig. 70. Elevation same as preceding. (Oval of eleven Centres.) 

F. Enlargement of water-way, see Fig. 83. 
Fig. 71. Plan of a Starling with Plane Faces. 

A. Starling. 

B. Pier. 

Fig. 72. Plan of a Starling with Curved Faces. 

Fig. 73. Plan of semi-circular Starling. 

Fig. 74. Plan of semi-elliptical Starling. 

Fig. 75. Cross Section of the Parapet and Cornice of a Bridge^ 

a. Cornice. 

b. Consoles or modillions. 

c. Parapet. 

d. Foot-path. 

Fig. 76. Plan of the Foundation of an Abutment. 
d. Face of the abutment, 
c. Wing walls. 

a. End counterforts or buttresses. 

b. Intermediate buttress. 

Fig. 77. Longitudinal Section of the Waterloo Bridge and its Cen- 
tre. 
C Voussoirs of arch, 
E. Balustrade parapet. 

O. Reversed arch over inner spandrel courses. 
P. Longitudinal walls of brick to sustain the flagging d, on 
which the road material rests, 
a, a. Top and bottom striking plates, 
b. Wedge block for easing the centre. 

c, c, &c. Struts of the centre. 

d, d, &c. Stirrup pieces bolted in pairs on the struts. 

e, e. Cast-iron sockets to receive the ends of the struts, 
f, f. Curved back of the rib. 

g, g. Chock blocks to strengthen the. joints of the pieces f. 
h, h, &c. Main props or shores of the centre. 

Pig. 78. Cross Section of a Bridge over the Pier, showing the two 
Systems of sustaining the road material, either by flag" 
ging, or by groined arches. 

a, a. Cross section of walls which sustain the flagging c. 

b, b. Piers of the groined arches. 

d. Section through the crown of the groined arches, 

e. Exterior facing walls of the bridge. 
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Plate 7. 

Fio. 79. Elevation and Plan, showing the manner of arranging the 
Embankments of the Approaches, when the Head Walh 
of the Bridge are simply prolonged, 
A, a^ Side slope of embankment. 

b, b'. Dry stone facing of the embankment where its end it roun* 

ded off, forming a quarter of a cone finish, 
f, f . Flight of steps for foot passengers to ascend the embank- 
ment. 

c, c^ Embankment arranged as abore, but simply sodded. 

d, d^ Facing of dry stone for the side slopes of the banks. 

e, e'. Facing of the bottom of the stream. 

Fig. 80. Elevation and Plan oj Arched-wing Wall, 

A, A'. Arch of the wing wall. 

B, B^ Side slope of the embankment sustained by the wall A, A'. 
Fio. 81. Plan and Elevation of an ordinary Wing Watt for a Od- 

vert or Bridge, 

a, a'. Face of wing wall. 

b, b^ Side slope of embankment. 

c, c'. Top of wing wall. 

o, o'. Fender or guard stones on top of the bridge. 
Fig. 82. Elevation and Plan of a Return Wall and Wing Wall, 

A, A^ Starling. 

B, B'. Return wall for the widened approach to the bridge. 

C, C. Face of wing wall. 

D, D'. Top of stirface of wing wait. 
E,E'. Parapet. 

F, F'. Newel. 
Fig. 83. Cross Section of Fw. 70 of the Bridg€ ofNeuUly. 

A. Starling. 

B. Hood of starling. 

F. Enlargement of water-way. 
Fig. 84. Bib of a Plank Centre, 

a, a. Gorred bade pieces. 

b, b. Bolsters. 

Fig. 65. Bib of Heavy Centre with intermediate points of support. 
a. Curved back pieces. 

b, b. Radial struts. 

c, c. Hblri2ontal beam resting on i&leftnediai^ ittppotti i oA which 

the struts rests, 
e, e. Braces bolted ib pairb ol^lhe strats. 
f. Bolsters. 
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Fio. 86« Eib of a Ckfcked (krUre without inUrmedUat fnnnts of 
Bupport 

a. Curved back pieces. 

b, b. Struts. 

c, c. Straining beams. 

d, d. Main sliores. 

e. Striking plates. 

f. Bolsters. 

Fio. 87. Rib of a Cocked Centre on the same principle as Fig. 86. 

b. Main struts. 

e. Main straining beam, whieh, with the main struts, form the 
main strength of the rib. 
Fio. 88. Rib of a Cocked Centre with details. (Tredgold's Carpen- 
try.) 

a, a. Main props. 

b, b. Caps of the props to receive the striking plates. 

c, 0. Sills of do. 
A. Bottom plate. 
B« Top plate. 

C. Wedge block. 

D. Main strut resting in a cast iron socket on B. 

E. Main straining beam. 

F, F. Auxiliary struts. 

G, G. Stirrup pieces bolted in pairs over the struts, d^c. 
H, H. Curved back pieces. 

I, I. Longitudinal ties bolted on the ribs in pairs. 

d, d. Chock pieces. 

Fia. 89. Wooden Arch Bridge^ 

A. Arch formed of several courses of bent beams confined by 

str^w. 

B. Stone abutment. 

a, a. Vertical uprights bolted in pairs on the arch and principal 

beams of the superstructure to transmit the weight of the 
latter to the farmer. 

b, b. String pieces of the road-way. 

c, c. Cross pieces or joists. 

d, d. Plank to receive the road materials. 

e, e. Hand railing. 

f, f. Diagonal struts which aSsist to relieve the areh &om a part 

of the. weight of the superstructure. 
Fig. 90. Elevation of a Wooden Pier. 
a« a. Piles of substructure. 
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b, b. Capping of piles arranged to receire the enda of the up- 
rights c, c, which supports the string pieces i, i. 

d. Upper fender beam. 

e. Lower fender beam. 

f. Horizontal ties bolted in pairs on the uprights, 
g, g. Diagonal braces bolted in pairs on the nprights. 

h. Capping of the uprights placed under the string pieces. 

A. Road-way. 

B. Parapet. 

Fio. 91. Plan, Elevation, and Cross Section, showing the arrange- 
ment of the Capping of the Foundation Piles with the 
Uprights. 

a. Piles. 

b. Capping of four beams bolted together. 

c. Uprights. 

Fio. 92. Elevation of (Ae arrangement of a Wide Foundation for 
a Wooden Pier. 
a. Upright. 

b, b. Files of the foundation. 

c, e. Capping of the piles. 

d, d. Struts to strengthen the uprights. 

e, e. Clamping pieces bolted in pairs on the uprights. 
Fig. 93. Elevation and Plan of a Simple Ice Breaker. 

a, a. Foundation piles. 

b, b. Capping of piles. 

c, c. Uprights* 

d. Inclined fender beam shod with iron. 

Fia. 94. Elevation and Plan of the Frame of an Ice Breaker to 

be filled in with Broken Stone. 
Fig. 95. Elevation of simplest form of Wooden Bridge. 

a. Uprights. 

b. Capping of nprights. 
e* String pieces. 

Fig. 96. Elevation of Wooden Bridge with Corbels. 

d. Corbel pieces. 

Plate 0. 

Fig. 97. Elevation of Wooden Bridge with Struts, f c. 

e. Struts. 

Fig. 98. Elevation of Wooden Bridge with Straining Beam, fc. 

f. Straining beam. 

Fro. 99. Same Principle as Fio. 98. 
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Fio. 100. ElewUixm of Wooden Bridge with King Post and Struts^ 

c. String piece to receive the flooring, ^. 

e. Struts. 

g. Kingpost. 
Fig. 101. Elevation of Wooden Bridge with Queen Posts, ^c. 

g. dueen posts bdted in pairs on the other pieces. 

h. Straining beam. 
Fig. 102. Same principle as Fig. 101. 
Fig. 103. Elevation of Wooden Bridge in which the string pieces 

are sustained by a Bent Beam b. 
Fig. 104. Wooden Arch with road-way resting on it. 
Fig. 105. Wooden Arch with Road-way suspended from it, 

A. Arch. 

B. Roof coyering of bridge. 

C. String pieces suspended from the arch by ihe stirrup pieces 

g bolted in pairs to both. 
L Cross joists for the flooring of the road-way. 
m. Flooring plank, 
o, o. Diagonal braces to stiffen the system. 
Fig. 106. Cross Section of the Road-way of a Bridge with details, 
O, C. String pieces. 

D. Cross pieces at intervals of a few feet notched on all the 

string pieces. 
£. Intermediate cross pieces of smaller scantling forming with 
the pieces D the flooring for the road materials. 

F. Curb beam iix confining the road material. 

G. Cross joists on which the longitudinal pieces I, I are laid to 

receive the plank H of the foot-path. 
a, a. Cast iron plates placed between the string pieces and cross 
joists. 

b. Iron grating for parapet. 

c. Iron stancheons to brace the parapet. 

Pig. 107. Side elevation of Wrought Iron Fish-bellied Rail. 
Fig. 108. Cross Section of Rail and Wrought Iron Chair, 

a. RaiL 

b. Chair. 

c. Clamping pieces confining the chair by means of the bolts d. 
A. Wooden sleeper to which the chair is fastened. 

Fig. 109. Cross Section of Cast Iron Chair and RaiL 

a. Rail. 

b. Chair. 

c. Iron wedge to confine the rail to the chair. 
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Fio. 110. Planand Cro$9 Section qf tketyteimof Woodamd iron 
Bail Roads. 
A, A. Cross sleepers. 

B, B'. String pieces on which the iron plates are fattened, 
a'. Iron plates. 

b. Arrangement of the joints between the platas. 
c, c'. Wooden wedges to confine the string pieces to the sleepers. 
D, D'. Broken stone supports. 

Plat* 10. 

Fig. 111. Plan of a Siding. 

A, A. Main track. 

B, B. Siding. 

a. Fixed switch* 

b. Movable switch. 

Fio. 112. Plan of a Crossing. 

A. Main track. 

B. Track of Crossing, 
a, a. Turn outs. 

Fio. 1 13. Cross Section of a Canal in Level Cutting. 

A. Water-way. 

B. Tow-paths. 

C. Berms. 

D. Side drains. 

£. Puddling of clay or sand. 
Fio. 114. Cross Section of a Canal in Side Cutting lined with ma- 
sonry, 

A. Water-way. 

B. Tow-paths. 

D. Embankment. 
a« Masonry lining. 

Fig. 115. Cross Sectionqfa Canalin Tkormigh Cutting. 

E. Side slopes of cutting. 

Fig. 116. Cross Section of an Earthen Dam through its Culverts 

A. Mass of dam towards the reservoir faced with stone. 

B. Exterior mass of the dam. 

C. Puddling. 

D. Culvert for drawing off the water. 

E. Valves for closing the tunnel 

F. Brick well with spiral stairs to reach E« 

G. Reservoir. 
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Fig. 117. CrosM SecHon oftkeArckamd Cenirffa TVwiW. 

A. Excmration c^the arch. 

B. Woifcing shait. 
C Arch. 

D. Reversed arch of the bottom, 
a. Back cmred pieces of the centre, 
h. Radial pieces connected by screws, by whkh the centre can 

be taken apart, 
c. Stnits. 

Plate 11. 

Fig. 118. Plan and Longitudinal Section of a Canal Lock, 

A, A'. Chamber or side walls. 

B, B^ Lift walls. 

C, C. Bottom of the chamber reversed arch. 

D, D'. Wing or return walls of the head-bay. 

E, E'. Wing or retom waUs of the fore-bay. 

F. Bottom of fore-bay. 

G. Bottom of tail-bay. 

a, a'. Upper mitre sill. 

b, b'. Lower mitre sill. 

c, c'. Grate chambers or recesses. 

d, d'. Hollow quoins. 

e. Flat bottom for the firee pl^y of the gates. 
0, o'. Grooves for stop -plank. 
Fig. 119. Cross Section of the Lock through the Chamber. 
A". Side walls. • 

B". Lift wall. 

C. Reversed arch of the chamber, 
a''. Mitre silL 

m''. Coping of side wall. 
Fig. 120. Leaf of a Lock-Gate. 

a. Q^uoin post. 

b. Mitre post 

c, c^ Bottom cross piece. 

d, d'. Top cross piece. 

e. Diagonal brace. 

f. Balance beam. 
A, A'. Valve. 

m^ Plank foot way for crossiiig the locL 

n 
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Fig. 121. Cross Section of a Stone Aqueduct. 

A. Water way. 

B. Mass of beton of sides. 

C. Mass of beton of the bottom. 

D. Elevation of the soffit of the arch. 

E. Eleyationof the pier. 

a. Tow paths. 

b. Parapet. 

Fio. 122. Cross Section and Plan of the Waste Wier and Culvert 
emptying into a side drain. 
B, B'. Side walls of waste wier. 

C. Bottom of waste wier. 

D. Lift of waste wier. 
E, E'. Side drains. 

a, a. Sliding gates of waste wier. 

b, b'; Bridge across waste wier. 

c, c^ Groves for stop-plank. 

Fig. 123. Cross Section of the Cherbourg Break Water. 

ab. Inner face. 

b c Top or walk of break water. 

cd. Parapet 
d e f g. Ezteriorface. 
Fig. 124, Cross Section of a Wooden Jetty, 

a. Foundation piles. 

b. Inclined side pieces^ 

c. Middle upright. 

d. Cross pieces bolted in pairs. 

e. Struts. 

m* Longitudinal pieces bolted in pairs. 
0. Parapet 
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CIVIL ENGINEERING. 



MATERIALS. 



The materials used in building are arranged in four 
classes : they are, 1. Natural Stones ; 2. Artificial Stone 
and Cements ; 3. Wood ; 4t, The Metals* 

An accurate knowledge of the physical and chemical 
properties of materials is of essential importance to the 
engineer, to enable him to form a correct estimate of the 
advantages to be derived from their proper application to the 
purposes of constructions, so as to satisfy the conditions of 
judicious economy, and skilful workmanship. He should^ 
therefore, be acquainted with their absolute and relative 
strength, the resistance which they offer to friction and 
shocks, the changes which they undergo from exposure to 
the atmosphere, and to the more ordinary chemical ag^ntS| 
as lire, salt water, &c., and, finally, the time and labor re« 
quired in preparing them for the purposes of building. 

NATURAL STONES OR ROCKS. 

Natural Stones, or Rocks, are composed of an aggregation 
of several simple mineral substances. They are varioasly 
classified by naturalists, either according to their chemical 

1 



eonsdnientSj or from their external appearances and physical 
|m>perties. These clasaficadocs^ althoogfa essential for 
scientific arrangement are of minor importance to the en- 
gineer ; as the principal points requiring his attention, are 
diose which render stone a snitable material for building. 

The most essential properties o( stone, as a building mate- 
rial, are strem^tk, or the resistanoe which is offered to rup- 
ture, caused either by compression, extension, or a cross 
strain ; hardness^ or the capability of resisting shocks, and 
attrition ; and durahilit^^ or the unchangeable character of 
the stone, when exposed to the extremes of temperature, to 
the atmosphere, and to chemical agents. These properties 
can be readily ascertained by a few simple experiments, 
which will be noticed under their proper heads. 

As the stones coomionly used for building; may be arranged 
in three classes, it is usual, for greater convenience, to adopt 
this classification, which is : 1. The Siliceous ClasSy or the 
one, of which Silex is the base, or principal constituent 
element ; 2. The ArgUletcecfus^ of which Argile is the base f 
and 3. The Calcareous^ of which Lime is the base. 



SILICEOUS STONES. 



Cfraniie, Cfneissy and Sieniie, are commonly known to 
builders by the general appellation of granite, owing to the 
great resemblance of their external characters, and of their 
physical properties. 

Granite and gneiss differ in fact, rather in the aggregation 
of their constituent elements, than in any other essential par- 
ticular. In the former the aggregation of the particles is 
mostly homogeneous, giving the stone a uniform appearance 
and the property of splitting readily in all directions; — 
whereas, in gneiss, the particles are disposed in layers, which 
give the stone a laminated appearance, and cause it to yield 
more readily to the chisel and wedge in the direction of the 
layers, than Jn any other. 
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The constituent elements of these stones are QuartZj Feld" 
spar, and Micar These elements are easily distinguishable 
on an examination of a sample of the stone. The quartz 
presents a transparent or semi-transparent appearance, some- 
what apj^roaching to that of glass of a milky hue ; the feld- 
spar is usually either whitish or reddish, presenting more of 
an opaque appearance than the quartz, and where the surface 
has been for some time exposed to the action of the weather, 
having a dull white character ; the mica is found in scales, 
of greater or less size, of a dark color, when seen in the 
mass, but transparent and resembling the small scales of a 
fish, when detached from the block. When uniformly dis- 
tributed throughout the mass, these constituents give the 
stone a uniform color, generally some shade of gray; but 
occasionally a slight reddish hue, owing mostly^ to the color 
of the feldspar. 

The quality of the stone depends on the aggregation of 
the particles, their size, and the proportion of each. The 
best is usually that in which the particles are fine, and 
uniformly disseminated throughout the mass. 

If the quartz predominates, and particularly if its grains 
are large, the stone will be hard and brittle, and, therefore, 
will present great difficulties to being wrought and dressed 
to a imiform surface. The feldspar decomposes when ex- 
posed to the atmosphere for a long period, and, if in excess, 
will be injurious to the quality. The mica is also subject to 
decomposition, and, when in excess, gives the stone a cha- 
racter of weakness, which causes it to be known by the 
appellation of tender or soft granite. 

Besides their peculiar elements, foreign minerals are nearly 
always to be met with in these two stones. The most delete- 
rious are schorl and iron and its ores, particularly the sul- 
phiirets. The iron becoming oxidized, when the stone is 
exposed to the air, destroys it very rapidly, particularly if in 
large quantities. The sulphurets, by decomposition, yield 
sulphuric acid, which soon destroys the texture of the stone^ 
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by acting on the mica and feldspar. And schorl, when in 
abundance, gives the stone a character of great brittleness, 
which, in some cases, renders it entirely unfit for a building 
material. 

Sienite, though frequently mistaken for granite, is composed 
principally of particles of hornblende and feldspar. The gene- 
ral appearance of the mass is either gray or of a reddish tint. 
The particles of the hornblende are readily distinguishable, 
by their greenish tint, when the stone is moistened. Quartz 
and mica are likewise generally found in sienite, and give it 
more the appearance of granite. 

The structure of this stone usually resembles that of gra- 
nite ; but it is sometiines found in layers. 

Granite, gneiss, and sienite, for strength, hardness and 
durability, occupy the first rank as building materials. — 
Neither of them resist very high temperatures, although 
gneiss, when the mica in it is very abundant, has, in some 
cases, been used with success, as a facing for fire-places and 
furnaces, subjected to a strong heat. Granite and sienite are 
the most suitable for the purposes of cut or dressed stone, 
particularly in cases where great solidity is indispensable, 
owing to the large blocks in which they can be procured 
from the quarry, and the perfect accuracy with which the 
surfaces can be wrought. Gneiss seldom splits evenly, and 
is, therefore, more suitable for rubble and hammered stone. 
It is also an excellent material for flagging stone, for which it is 
very extensively used in many of our cities. All three of these 
stones are in very common use with us, for structures requir- 
ing great solidity and permanency ; as the revetment walls 
of fortifications, quay-walls, sea-walls, light-houses, &c. 

There are very extensive quarries of granite, gneiss, and 
sienite, in the United States — lying either upon, or contiguous 
to, several of our principal rivers, as those on the Potomac, 
the Hudson, and the Thames. The quarries at Chelmsfotd 
knd Quincy, Massachusetts, which aflFord sienite chiefly, have 
furnished the materials for the principal public works on the 
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sMbdard. There are, also, extensive quarries of the best 
iampiles, in Maine and New-Hampshire. 

Saiul Stone. Thisstone, of which there are two principal 
varieties, the red and the gray, is generally known to build* 
erg^ under the name of free-stone. It is composed of small 
particles of quartz, united by an argillaceous or calcareous 
cement. 

Both varieties are very extensively used in building. — 
They are generally strong and durable, and though they 
yield readily to the chisel, and other tools, are sufficiently 
hard to resist the wear and tear to which any part of an 
edifice is ordinarily exposed. 

Sand stone is frequently so porous, as to absorb a large 
quantity of moisture, which, when acted upon by the frost, 
causes the surface of the stone to disintegrate, or to split off 
in scales. The gray sand stone is more liable to this defect 
than the red, and requires a thin coating of mortar, paint, or 
a white-wash of hydraulic lime, to protect it from the action 
of the atmosphere. 

Sand stone, of both varieties, has been used with us in the 
construction of our puUic works : in some cases, as the prin- 
cipal material, but, mostly, for the cut stone of the angles, for 
the coping, for the water tables, <fcc. Its inferiority to granite, 
and its liability to disintegrate, render it more suitable to 
ordinary structures; and its use is now mostly confined to 
edifices built principally of brick, or of rubble work. It 
should, moreover, only be used as ashlar or cut stone, because 
it adheres very badly to mortar, and is, therefore, not suita- 
ble for rubble work, the principal strength of which depends 
on the adhesion between the stones and mortar. 

Th^re are many large quarries of both varieties of this 
stone in the United States. An extensive bed of it, from 
fifteen to twenty miles broad, and nearly four hundred miles 
long, stretches from the Connecticut river to the Rappahan- 
nock. It is found, also, abundantly in the Eastern States. 

All the stones belonging to the siliceous class, of which 
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there is a great variety, are eminently suitable for the purpo- 
ses of building, either as cut stone or- rubble. Among those 
less in use than those already described, are the Buhr or Mill- 
stonej which, from its great hardness, durability, and poro- 
sity, forms an excellent rubble stone ; the Soap-stone, which 
is principally u^d as a fire-stone, for the facing of fire-places 
and furnaces, and Mica Slate, which is also a good fixe stone, 
and forms a good material, both for rubble work, and for 
flagging. 

ARGILLACEOUS STONES. 

Nearly all the stones known to builders as Slate Stone, 
belong to this class. The most remarkable varieties, are those 
denominated the TVap Rocks by mineralogists, wliich con- 
sist either of Basalt, or Green Stone. Basalt, it is said, does 
not occur as a distinct stone in the United States. It is very 
remarkable for its great strength and hardness, though it is 
less durable than many varieties of the siliceous class. 

Green stone, so called from the greenish tinge it exhibits 
when wet, is found very abundantly with us. One of the 
most remarkable localities is on the Hudson river ; that part 
of its banks known as the Palisade Rocks, being composed 
almost entirely of it. 

Green stone is a good building material, when it does not 
contain any large quantity of iron, as this metal, by becom- 
ing oxidized, very soon entirely destrojrs the texture of the 
<Stone, causing it to break up into small fragments or scales. 
It is only suitable for rubble work, owing to its being found 
chiefly in small tabular prismatic masses. Prom the facility 
with which it is quarried, and its unchangableness in salt 
water, it has been used with us for br^ak-water stone. 

Grray Wacke, and Cfra^ Wacke Slate, properly belong to 
the sand stidnes. They are composed of the fragments of 
several other minerals in a granular state, united by an argil- 
laceous cement. Both of these stones make a good building 
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material for rubbk work ; the gray wacke slate is in very 
common use as a flagging and coping stone. They are found, 
abundantly, in many parts of our country. Several quarries 
are worked in Connecticut, Massachusetts, and New- York, 
from which an excellent flagging and coping stone is ob- 
tained. 

Common Roof Slate requires no particular description. 
There are many varieties of this stone which are very suita*- 
ble for rubble work. The best for roof covering, is that 
which splits into thin even layers, is free from the ores of iron, 
particularly the sulphurets, which are most deleterious to it, 
and absorbs but little moisture. 

Grood roof slate is quarried extensively in many parts of 
the United States, chiefly in Maine, at Hoosack, in New- York, 
and nearer the Susquehanna river, in the counties of York 
and Lancaster, Pennsylvania. 

CALCAREOUS STONES. 

This very abundant class, composed of innumerable varie* 
ties, is the most useful building material known to the engi- 
neer and architect, both for common and ornamental purpo- 
ses; arising from the strength, hardness, durability, and 
beauty both of color and polish, which it is known to possess. 
It also furnishes the principal ingredient in the composition 
of every variety of cement used for uniting stones artifi- 
ciaUy. 

Calcareous stones, distinguished by the more common ap- 
pellation of Jjvme Stone and Marble^ are composed princi- 
pally of Carbonate of Lime combined with the metallic 
oxides, and several other foreign minerals. They seldom 
occur in a pure state ; when found so, the color of the stone 
is a pure white, and it is shown, by analysis, to be composed 
of lime, carbonic acid, and a small quantity of water. 

The general properties of this class of stone, both physical 
and chemical, are so well known, as hardly to require any 
description. Its efiervescence with acids, and the effects of 



8 ELEMENTARY COURSE Of 

* 

beat on it, both of which disengage the caibonic acid, aie 
facts, with which almost every perscm must be acquainted. 

Mineralf^sts distinguished two general divisions of this 
class : 1. GraniUar Lime Stone. 2. Compact Lime Stone. 

The granular presents the distinct appearance of an aggre- 
gation of grains of variable size, from very fine to coarse, 
apparently the result of an irregular crj^stallizatioo. The 
compact has a fine uniform texture, without any appearance 
of grains, some of the varieties being quite loose and earthy 
in their texture. 

As a building material, the calcareous stones are classed in 
two divisions: 1. The Common Lime Stone; 2. The Marbles. 

flach of these divisions fiirilish an equally good stone for 
building, but the marbles aremosdy reserved for ornamental 
purposes, owing to the fine polish which the stones, firom 
which they are procured, are susceptible of receiving. The 
term marble, is frequently applied by builders to all stones 
which receive a high polish, and it is the proper signification 
of the term ; but it is now usually applied only to those varie- 
ties of lime stone which are polished. The compact lime 
stone furnishes a great variety of variegated marbles, but, 
generally, they are not so highly estimated as those fiimished 
by the granular, owing to their inferiority in hardness and 
polish. 

The colors of variegated marble, are owing to the metallic 
oxides, and the names of the different varieties are taken from 
some peculiarity, either in the appearance or color of the 
stone. Some of the best known are the Veined ; the Bird^s- 
eye ; the Conglomerate, of which there are two kinds ; the 
Breccia, composed of broken angular fragments united by a 
natural calcareous cement, and the Pudding Stone, composed 
of round pebbles similarly united ; the Lumachella, which 
exhibits a variety of shells united by a calcareous cement; the 
Florence Stone or Ruin Marble, so called from some hncied 
resemblance to ruins, exhibited by the figures on the polished 
surface ; the Verd Antique, which is of a green color, and is 
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named after a stone much esteemed by the Ancient$^ 

The localities of lime stone in our country are numerous 
and extensive; the quarries furnishing both an ordinary 
building stone, and variegated marbles, which are, in every 
xespectj equal to any in the world. Most of the quarries lie 
in a range of granular lime stone, which is about seven hun- 
dred miles long^ and varies from two to twenty miles in 
breadth, stretching from N. E< to S. W., nearly parallel to the 
seacoast* 

A beautiful breccia is obtained on the Potomac ; the verd 
antique comes from near New-Haven, in Connecticut ; and 
every variety of variegated marble is found in the various 
quarries of compact lime stone. 

Quick lime, both for ordinary building and for hydraulic 
construetions, is made in large quantities at most of these 
localities^ from which it is sent to every part of the Union. — 
The most celebrated kilns are at Thomaston, in Maine, 
which furnish common lime ; and those in New-^York, which 
furnish a hydraulic lime, known as Rosendale cement* 

Plaster of Parisj or Ch/psum, is a Sulphate of Lime ; itJ 
principal use is for stucco work in the interior of edifices, for 
which purpose it is prepared by calcination, over a strong 
fire. It is too soft for a building stone, and although 
forming, when properly prepared, a cement which hardens 
very rapidly, it is not suitable for the purposes of mortari 
because, having a strong affinity for water, it absorbs it from 
the atmosphere, and increases so much in volume, as to 
occasion cracks in walls built with it ; and, in exposed situa* 
tions, it very soon commences to exfoliate. This stone is 
found abundantly in our country, principally near salt 
springs. 
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Oeneral Observations on the properties of Stone^ as a 

Building Material. 

Strength, hardness, and durability, are the essential points 
to be considered in stone for building. Stone which has one 
of these properties, in'most cases, possesses also the other two. 

It is not always easy to judge of the quality of a building 
stone from its external appearances, but it has in general been 
Ibund, that when the texture is uniform and compact, tbe 
grain fine, the color dark, and the specific gravity great, the 
stone will possess all the essential qualities. 

There are also certain defects that can be ascertained by 
the eye, which should cause stone to be rejected as a building 
material, though belonging to a good class ; these are cracks, 
cavities, and foreign minerals, particularly the various forms 
under which iron is found. The effect of these is to 
render the stone weak, brittle, and liable to disintegration, 
from the decomposition of the metallic ores. Great hardness 
is likewise objectionable, when the stone is to be prepared by 
the chisel, owing to the labor required to work it ; and as 
the stones of this character generally wear smooth, and become 
polished by attrition, they are unsuitable for stairs, pavements, 
dec, where accidents might happen from slipping. Brittle 
ness is a defect which frequently accompanies hardness^ 
particularly in coarse grained stones ; it prevents the stone 
fix)m being wrought to a true surface, and from receiving a 
smooth edge at the angles. The coarse grained stones are, 
moreover, more liable to rapid disintegration than those of a 
fine texture. 

Experiments on an extensive scale ha,ve been made in 
France and England, to ascertain the comparative and 
absolute strength of the most common building stones**^ 
Small cubical blocks, the sides of which measured about four 
superficial inches, were selected for the experiments, and the 
following general results were obtained : 

1st. The strongest and hardest stones were found to be 
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those having a dark color, a compact uniform texture, and 
the greatest specific gravity. These last qualities generally 
accompanied each other, and the strength and hardness 
increased in proportion as they predominated, without, 
however, exhibiting any uniform law of variation. 

2d. That, for the same stone, the strength varied nearly in 
the proportion of the area of the base. For equal bases, the 
circle gave the most favorable results for strength, and after it 
those polygons, which most nearly approximated to it. For 
the same volumes, those were strongest, in which ttie alti« 
tudes were equal to the diameters of the bases, and the 
strength decreased, either as the altitude or the area of the 
base was increased — ^the volume remaining the same. 

3d. In the blocks submitted to a compressive force, it was 
observed, that a slight yielding took place under a weight 
equal to about one half of that which was necessary to crush 
the stone ; and when rupture ensued, the stones of a crystal- 
line texture generally split into needle form fragments, 
parallel to the direction of the force ; whilst the amorphous 
stones broke into small pyramidal fragments, having a com* 
mon vertex near the centre of the block. 

4th. Fifom a comparison of the weight borne by the stone 
in some of the boldest structures in Europe, with the results 
of these experiments, it appears that it would not be safe to 
submit any stone to a permanent strain, which would be 
greater than one-tenth of the weight required to crush a 
small block of it, of the size of those used for the experiments. 

5th. That the following order of strength and hardness, 
was observed in the more common building stones — Basalt, 
Granite, Litne Stone, and Sand Stone. 

The terms hard and soft, as applied to stones, are not very 
definite. Workmen term those stones hard, which can be 
sawed into slabs only by the agency of the grit saw ; and 
toft, those which can be separated by a conmion saw. 

A knowledge of these qualities is essential to the engineer, 
to enable him to fix a price on the preparation of the mate^ 
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rial ; and, also, to select such as are most suitable to resist 
attrition and shocks. 

The durability of stone is best ascertained, by examining 
samples in edifices which have stood for a long period. When 
this cannot be done, the stone must be submitted to direct 
nperiments. The best for ascertaining the effects of the 
atmosphere, is to expose a sample during two years, in soms 
very exposed position. With regard to the ordinary chemi- 
cal agents, as fire and sea water, direct experiments most 
likewii^ be made. 

Frost is one of the most powerful destructive agents in its 
action on stone ; its effects are seen mostly in very porous 
stones, and in those of a slaty or fibrous texture ;*— in the for- 
mer it causes a disintegration, or exfoliation at the surface: — 
in the latter, the block splits into several fragments. The 
action of frost may be ascertained, by placing a sample of 
the stone in a saturated solutioii of some crystallizing salt, 
and after it has remained long enough to have thoroughly 
imbibed the liquid^ by allowing it to dry, the action on the 
stone of the crystals of the salt, whilst in the act of formingt 
will be similar to that of water, whilst freezing. 

The durability of stone, quarried from clifis or ledges, 
may be more readily ascertained than that token from under- 
ground quarries, owing to the certain indications which the 
exposed position of the cliffs must present; 

Within the ordinary ranges of temperature, stone is too 
slightly affected by contraction or expansion, to cause any 
perceptible changes in a large mass of masonry; but it has 
been found, upon careful observations made with us,* that 
the contraction and expansion of the blocks of a long line of 
coping are sufficiently great to crush mortar between the 
blocks which is soon washed out of the joints, to the great 
detriment of the masonry beneath the coping. 



♦ The experiments were made by Lieutenant Bartlett, of the Engineer 
Corpt, (now Professor of Natural and Experimental Philosophy, mX the 
Military Academy^) on the works at Fort Adams, Newport, R. I. 
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ARTIFICIAL STONES AND CEMENT. 

The term Artificial Stone^ is applied to any composition to 
which, by an artificial process, the general properties of 
natural stone are imparted ; such, for example, are mortar 
and brick, both of which, when properly prepared, possesi, 
in an eminent degree, the qualities of good stone. 

The term Cement^ is applied to certain mineral substan- 
ces, found either in a natural state, or else prepared artifi- 
eially* which being mixed with common lime, impart to it 
the property of hardening under water. 

The ingredients that usually enter into the composition of 
mortar are Slaked Lime and Sand^ to which sufficient 
water is added, to bring the mixture to a proper consistence 
or temper before using it jfor the purposes to which it is to be 
applied ; when the mortar is to be used for hydraulic works, 
a certain proportion of cement is to be added to the other in* 
gredients. 

hvmes When lime stone is submitted to a high tempe- 
rature for some length of time, the water, and nearly all the 
carbonic acid which enter into its composition, are driven 
off, and the result obtained, is known by the name of Quick 
Lime. The stone in this new state, shows a strong avidity 
for water, which it absorbs even from the atmosphere ; and 
when water is poured over the stone, it swells and cracks, 
evolving a very considerable degree of heat, and finally, falls 
into a fine white powder, in which state il is denominated 
Slaked Lime, and belongs to that class of chemical sub- 
stances, denominated hydrates. 

If the lime stone is a perfectly pure carbonate, it will absorb 
about three and. a half times its bulk in the process of slak- 
ing, and the hydrate will be found increased about the same 
quantity. 

Owing to the great consumption of lime, its preparation 
has become a distinct branch of the Useful Arts, and the 
material is a common commercial article. But as the 
engineer is sometimes thrown into situations, where it may 
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be necesssary to prepare the material himself, the following 
outline of the process may prove of some service : 

The Lime Kilns, or furnaces, in which the stone is 
calcined, are either of a spheroidal form, (Figs. 1 and %) or 
that of an inverted truncated cone. The former is most 
suitable for a wood fire ; the latter, when the combustible 
used is either pit or charcoal. The interior of the kiln 
should be lined with some material, which, like soap sUmt or 
fire brick, is capable of resisting a very powerful heat ; and 
a position should be chosen for the kiln, where it will not be 
exposed to the wind ; and a shed roof should, moreover, be 
placed over the mouth, to shelter it from rain. 

If the stone has been newly quarried, it will, generally, te 
moist enough to &cilitate the escape of the carbonic acid; 
otherwise, water should be poured over it. The stone ii 
broken up into lumps of about half a cubic foot, wh^i the 
fire is of wood, but into much sfhailer pieces, when either pit 
or charcoal is used. The stone is then placed in the kiln ; — 
and, in the case of pit or charcoal being used, in alternate 
layers with the fuel ; the fire, in both cases, being ignited at 
the bottom of the kiln. 

The burning is commenced, when wood is used, by 
keeping up a slow fire of uniform temperature, from twelve 
fo forty-eight hours in duration. This gentle heat drives otf 
the moisture from the stone, which appears on the surface 
like a perspiration, when the stone is said to sweat; and, 
when it has been nearly driven oS, which, in most cases, will 
be in about ten or twelve hours, the stone will begin to 
blacken from the smoke ; at this stage, the heat should be 
•lightly increased, and be kept at a uniform d^ree, until the 
smoke is consumed, when it should be raised to its greatest 
intensity, and be kept so until the calcination is complete^ 
which may be ascertained by the following indications :— 
The color of the fiame above the mouth of the kiln, will 
appear either of a pale yellow, or white color, being indis* 
tinctly visible ; the stone in the kiln will have decreased 
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about one 9ixth of its original bulk, and the whole mass will , 
present either a glowing red heat, or a whitish rosy hue. 

The management of the fire is a subject, in all cases, for 
careful experiment, as its effects are very different, varying 
with the quality of the stone. The lime from the pure car- 
bonates, is never injured by the most powerful heat of 
ordinary kilns ; but the impure carbonates may be rendered 
almost useless, if over-burned. The effects of intense heat 
on the latter, being to cause the stone to slake very slowly, 
and to fall into small lumps, instead of giving a fine impal- 
pable powder ; and, if it be used when it is only partially 
slaked, the mortar after a series of years, will be found to 
have increased considerably in bulk ; disfiguring the surface 
of wails, if it has been employed for plastering, or injuring 
the masonry by causing cracks, if used for stone work — ail 
of which effects arise from the gradual slaking of the small 
lumps, by slowly absorbing moisture from the atmosphere. 

As a building material, lime is divided by engineers into 
two clasjses : 1. Common Lime ; 2. Hydraulic or Water 
lAme. Common lime is, also, sometimes termed Fat Lime, 
from the appearance and feeling of the paste made from it 
with water, whilst hydraulic lime, with the same quantity 
of water, yielding a thin paste, is denominated Meagre 
lime. This difference of appearance in the paste of the two, 
it must, however, be observed, does not serve in all cases to 
distinguish the two classes : for some varieties are very mea- 
gre, without possessing the slightest hydraulic properties. 

Th^ distiactign between the two classes consists in the 
uses to which they are applicable. The mortar of common 
lime will never harden under water, or in very moist places, 
as the foundations of edifices, or the interior of very thick 
walls, and, therefore, is only suitable for dry positions and 
^in walls ; whereas, hydrauUc lime yields a mortar which 
sets readily, aod fioon becomes nearly as hard as stone in all 
moist situation^. 

To ascertain the properties of it, lii^e stonf, .diro^ ejqpert^r 
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ment should always be resorted to ; for the external appear* 
ance of the stone does not present any indications which cad 
be relied on with certainty. The simplest method consists in 
calcining a small portion of the stone to be tried, over a com^ 
mon fire on a plate of iron, slaking it and kneading it into a 
thick paste ; this paste being placed at the bottom of a glass 
vessel, and carefully covered with water, will, in a short time^ 
give evidence of the quality of the stone. If, after several 
dajTS, it is found not to have set, the stone may be pronounced 
as affording common lime ; but if it has become firmer or 
hard, it may be safely classed among the hydraulic varieties^ 
and its excellence will be shown by the quickness with which 
it hardens. 

It is only within a few years back, that scientific men 
have come to any certain conclusions^ as regards the causes 
of this peculiar property of hydraulic lime. For a long time, 
it was ascribed to the presence of metallic oxides ; then, to 
the manner of slaking the lime and mixing the ingredients of 
mortar ; but careful analysis and experience have finally 
settled the question ; and it is now fully ascertained, that this 
propefrty is owing to the presence of Argils or common Clay 
in the stone, which, after the stone is calcined, forms a com- 
pound possessing this highly important quality. It still, 
however, remains to be determined, whether the presence of 
both the elements of argile, which are Silex and Alumine, 
is necessary to impart this property. Alumine alone, it is 
known, does not ; and an hydraulic lime has been found in 
France, in which it is stated that silex is alone present. 

Whatever may be the solidifying principle, a most import- 
ant fact to engineers is put beyond a doubt, that an artificial 
hydraulic lime can be made equal in quality to the best 
natural varieties, by mixing common lime in a slaked state, 
with any mineral substance, of ^hich argile is the predomi- 
nant constituent, by simply exposing it to a suitable d^ree 
of heat, and afterwards converting it into a fine powder^ 
belbre mixing it with the lime. 
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Sand. The term sand, is applied to any mineral substance 
in a granular state, where the grain is of an appreciable size 
and insoluble in water. 

Sand is classified, either from its principal constituent ele- 
ment, as Silicecus Sand, Argillaceous, &c., or from the size 
of the grain, as Coarse, Fine, and Middling Sand ; the 
latter classification being chiefly in use among builders. 

As this material is either procured from pits, or from the 
shores of rivers or the sea, it is denominated also Pit Sand or 
River Sand, from the locality where it is obtained. 

Pit sand is superior to river sand for all purposes where 
mortar is required to possess great strength. Its grain is 
more angular and porous than that of river sand ; the latter 
becoming smooth and polished from the constant attrition 
between the grains, this roughness gives the lime a better hold 
on the grains ; besides, it is generally freer from the impuri- 
ties, as salts, &c., which are found in the sand taken from the 
shores of the sea and tide water rivers. 

River sand, owing to its superior whiteness, and the small 
size of its grain, is well suited for plastering for the interior of 
edifices. 

Fine pit sand should not leave any stain on the fingers, 
when rubbed between them. If it is found to contain earthy 
impurities, or salts, it must be passed through several waters 
in flat vats ; the water being renewed and poured off, until it 
no longer appears turbid. 

The siliceous class is superior to every other, owing to the 
great strength and hardness of its grains. 

Cements. These substances are obtained sometimes in a 
natural state, or they can be prepared artificially, by calcining 
pure argile, and most of the argillaceous stones. Their uses, 
as has been already stated, are to form an artificial hydraulic 
lime, by mixing them with common lime. 

All the substances which serve as cements, contain nearly 
the same constituent elements, in about the same proportions. 
They are argile, in which the aluinine varies between one 

3 
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fourth and one half of the silex^ with a small portion of the 
oxides of iron and manganese, and the carbonate of lime, 
potash, and soda. 

The argile, or clay, constitutes the essential ingredient 
of cements. The metaUic oxides seem to play a neutral part 
when not in excess ; the oxide of iron, for example, when very 
abundant in clay, it appears, from some experiments, acts in- 
juriously on the quality of the cement. The carbonates of 
soda and potash, and the muriate of soda, or conmion salt, 
produce, it is said, a favorable effect, when the heat is by ac- 
cident carried beyond the degree for suitable calcination. 
The other foreign ingredients found in clay, as the carbonate 
of magnesia, &c., do not appear to affect the quality of the 
cement. 

Puzzolano and Trass, or Terras, are the most celebrated 
natural cements. They are both of volcanic origin, the 
former being found in a pulverulent state, near Mount Vesu- 
vius; the latter near Andernach on the Rhine, where it 
occurs in fragments, and is ground fine and exported for 
hydraulic works. 

The constituent elements of both these natural products, 
are nearly the same, and as follows, in one hundred parts : 

Silex, 55 to 60 parts. 

Alumina, . . ... 20 " 19 « 

Iron, 20 « 16 « 

Lime, 5 " 6 « 

Common potter's clay, such as is suitable for making pot- 
tery and tiles, furnishes the best artificial cement, when pro- 
perly calcined. The best proportions of the constituent ele- 
ments, are when the alumina is nearly one third of the silex, 
with an addition of about five hundredths of lime. With 
these proportions, the clay requires to be brought to a state of 
calcination somewhat inferior to that of brick, denominated 
cherry red. When the lime is in greater quantity than this, 
the calcination must not be carried so far, or the cement will 
be injured ; but when the clay is entirely firee from lime, it 
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mast be submitted to a high temperature, but not so great as 
to produce vitrifaction. 

If a current of air be passed over the clay whilst calcining, 
(Pig. 3,) it is found that the mortar made of the cement, har- 
dens much sooner, and is, moreover, stronger than that made 
of clay burned in a* close kiln. 

As the quality of the* cement, essentially depends on the 
degree of calcination, and as this must be mainly regulated 
by the quantity of lime that enters into the composition of the 
clay, it is very important to ascertain, in the first place, this 
element, before burning the clay. This may be done by tak- 
ing a small quantity of the clay, which should be thoroughly 
dried by a gentle heat and be then converted into a fine powder, 
and carefully weighed. This powder should then be formed 
into a very thin paste with water, and muriatic acid be added 
to this paste as long as any efiervescence takes place ; so soon 
as this ceases, the whole should be filtered, and the residue 
left on the filtering paper, be carefully washed with distilled 
water, so as to free it entirely of the muriates that may have 
been formed ; it is then carefully dried by a gentle heat and 
weighed : the loss will be nearly the quantity of lime con- 
tained in the clay. 

As this analysis cannot always be practised, direct experi- 
ment should be resorted to in its stead. Three samples of 
the clay to be tried, should be submitted to a temperature that 
will convert one of the samples into pale brick, the second 
into cherry brick, and the third into hard brick, without, 
however, producing vitrifaction. A mortar is then made 
from the cement of each of these samples, by taking equal 
parts of common lime, sand, and the cement. These three 
specimens of mortar are then placed under water, and the 
quality of the cement is inferred from the promptness of indu- 
ration, and the strength of the specimens. If there are brick 
yards where the clay to be tried is used for making brick, 
the samples for trial may be taken from the kiln& 
Mortar. This material is divided, like lime, into two 
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classes, Common Mortar, and Hydraulic Mortar j according 

to the u§es to which it is to be applied. 

Besides these divisions, there is Crrout, which is a very 
thin tempered mortar, used in a liquid state, and Beton^ 
Concrete or Grrub-stone Mortar, formed by mixing up small 
chippings of stone with hydraulic mortar.' 

Before mixing the lime with the other ingredients in 
mortar, it should be carefully and thoroughly slaked. Previ- 
ous to the knowledge now possessed with respect to mortar, 
great importance was attached to the methods of slaking the 
lime, but the inefficacy of any of these methods for the im- 
provement of mortar, has been long established, and engineers 
at present pay no regard to them; confining their attention 
to effecting a thorough slaking, most suitable to the different 
varieties of lime. 

As hydraulic lime would harden, if made into a paste, and 
suffered to stand any length of time before using it, no xdotb 
water should be used in slaking it, than is just suiSScient to 
convert it into a fine dry powder ; and from about one fourth 
to one third the bulk of the lime is sufficient for this purpose, 
if carefully poured over. 

Common lime may be slaked with any quantity of water 
without injury ; and it is a common practice for builders to 
slake a large quantity at a time, and allow it to stand in a 
state of paste until wanted for use ; but this method is said 
to yield a mortar inferior to that made from lime recently 
slaked, or from lime, which is simply converted into a dry 
powder, either by the common process, or by spontaneous 
slaking, from absorbing moisture from the atmosphere. And 
lime, which is allowed to stand over some months, yields a 
superior mortar to that recently slaked. 

With regard to hydraulic lime, it is stated that, it should 
never be allowed to remain longer than two or three days in 
a slaked state, before using it; and even in that case, it 
should be carefully covered over with sand. Lime, which 
had been allowed to stand for some time, lost most of its 
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hydraulic properties, which was supposed to be owing to its 
absorbing oxygen from the atmosphere, as a considerable 
quantity of this gaz was found in it. 

This fact is of great importance to the engineer, for many 
of the varieties of hydraulic lime, commonly termed cements, 
which are ordinary articles of commerce, may prove, upon 
examination, to have lost their original properties by remain* 
ing a long time slaked, before being used for mortar. 

The best proportions of the ingredients for mortar, can be 
ascertained alone by direct experiment, as some varieties of 
lime will require more sand than others. The practice of 
builders in regulating these proportions, is usually bad, as 
they add too much sand, which gives a weak mortar, which 
generally adheres but slightly to the stone, and is apt to be- 
come pulverulent. Regarding the lime, simply as a cement, 
uniting the particles of the sand, the proper proportions of the 
two would appear to be those, in which the lime is sufficient 
to fill up the voids between the particles of sand ; which 
quantity may be readily ascertained by filling any measure, 
first with the sand, and then pouring into it as much water, 
as will fill up the voids ; by which means, the bulk of lime, 
required for the same purpose, will be known. Mortar made 
with the proportions thus determined, has been found to give 
very satisfactory results. 

From a great number of experiments very carefully 
made with common lime and sand, it appears, that two parts 
(^ sand and one of lime, with sufficient water to convert the 
whole into a ductile paste, form the best mortar ; and that 
when a greater disproportion, than this, exists between the 
lime and sand, the quality of the mortar is inferior, and be- 
comes so much the more so, as the disproportion is greater. 
The proportions, however, in most common use with builders, 
ers, from four to six parts of sand to one of lime, and about 
two thirds of a part of water. As a general rule, it is found 
that the quaUty of the mortar is not affected by the quantity 
of water used' in tempering it^ unless it is brought to a tern- 
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per so soft, that the particles of sand sink to the bottom of the 
mass. Soft tempered mortar has the advantage over hard 
tempered, of being more plastic under the trowel, and of not 
drying so rapidly as to impair the strength of the mortar, 
after it has set, which frequently takes place in the hard tem- 
pered in warm weather, if the precaution be not taken, of 
keeping the stone or brick in a moist state some time before 
laying it. 

Hydraulic mortar, made of natural hydraulic lime, will 
take about two parts and a half of sand. And when an arti- 
ficial hydraulic mortar is made, the common lime, sand, and 
cement, should be in equal proportions. 

It is not usual to add a cement to mortar made of lime 
naturally hydraulic, unless it is so only in an inferior degree, 
but experiments have shown, that a certain dos«rof cement 
improves the quality of the mortar, made of the best hydraulic 
lime, the quantity of the cement being smaller, as the quali- 
ty of the lime is stronger ; and, in all cases, when a cement 
is added, it has been found that the mortar will require a 
smaller dose of lime, than when sand and lime are alone 
used. 

Mortar, made of fine sand, is superior in quality to that 
made from any other, and is, moreover, the only kind suitable 
for cut stone masonry, or any kind of work, where close 
joints, and accurate finishing, are indispensable. For rubble 
work, a mixture of coarse and middling sand, will answer 
all the purposes of good workmanship, and is, besides, more 
economical than mortar of fine sand. 

In mixing the ingredients, the main point to be observed, 
is to obtain as homogeneous a mass as possible ; any labor 
bestowed beyond this point, will be thrown away. To effect 
this in the most thorough manner, the lime and cement must 
be in a state of the most minute division, before they are mix- 
ed together, and the sand added. If the lime stone has been 
properly calcined, it will be converted by the ordinary pro- 
cess of slaking into an impalpable powder, but most gene- 
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rally, either fix)m being over, or under calcined, it breaks up 
simply into very small lumps when water is poured over it, 
and will remain in this state a long time before the slaking is 
thoroughly eflFected. Whenever the lime is found in this 
state, it requires to be ground down in a mortar mill, before 
the other ingredients are added to it. The mill used for this 
purpose, (Pig. 4,) is ordinarily a large circular trough, from 
twenty to thirty feet in diameter, from out to out ; the section 
of the trough is generally trapezoidal, being about eighteen 
inches wide at top, and about twelve inches in depth ; the 
sides of the trough are built of hard brick or stone, which is 
laid on a very solid foundation. The lime and cement are 
ground down by the action of a heavy wheel of wood, from 
six to eight feet in diameter, or by a large stone roller of the 
form of a frustrum of a cone ; the width of each being 
about ten inches, to allow them to play freely in the trough 
when set in motion, which is effected either by horse or some 
other power. Sufficient water should be added to the lime and 
cement, to bring them to the consistence of a very thin paste. 
Sand is usually added until the mortar will not adhere to the 
sides of the wheel or roller. A mill of a different construction 
is used to mix the ingredients when the lime and cement do 
not require to be ground or have been ground by themselves, 
without any addition of sand, in the mill just described. 
This mill (Fig. 5) consists of a large firkin, similar in shape, 
to a chum, about six feet high, and three or four in width at 
top. A vertical axle, into which several horizontal arms, 
fashioned like a common rake, are set, is so arranged, that it 
can be easily put in motion by a horse. The ingredients are 
slightly mixed in a wet state, and, being thrown into the mill, 
are thoroughly mixed by the action of the arms of the axle. 
An opening is left in the side of the mill, near the bottom, 
through which the mortar flows out into a trough or some 
other receptacle ; from which it is taken, and is worked over 
with a hoe, with this addition of sufficient water to bring it 
to a soft temper. 
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In preparing beton, the following proportions have been 
fonnd to succeed perfectly in some recent structures. 
Hydraulic Lime (unslaked,) . - - 0,30 parts. 

Sand (middling,) 0,30 « 

Cement (common clay,) - - - - 0,30 « 
Gravel (coarse,) . - - - - 0,20 « 

Chippings of stone, 0,40 " 

The lime, sand, and cement, are, in the first place, 
thoroughly worked up into a homogeneous mass of a hard 
temper ; this mass is suffered to rest in a heap about twelve 
hours, it is then spread out into a layer about six inches thick, 
and the gravel and stone are evenly spread over it, and die 
whole well mixed up. The mass before it is used is suffered 
to remain until it has partially set, which will require from 
twelve to thirty-six hours, according to the qusdity of die 
mortar. This delay is found to improve the quality of the 
beton. 

This material depends on the quality of the mortar for its 
excellence. It is not stronger than simple h3rdraulic mortar, 
but it is far more economical. The gravel, which enters into 
its composition, is used to fill up the voids between the fig- 
ments of stone, which would, otherwise, be filled by the 
mortar alone. 

Broken brick may replace the fragments of stone, when 
the latter cannot be had ; or gravel alone maybe used. 

There is no Subject, connected with the art of the engi- 
neer, upon which more ingenuity has been uselessly expended, 
than upon that of mortar. Misled by erroneous, or forced 
interpretations of some passages of the Ancients, particularly 
of Vitruvius, various hypotheses have been formed, to ex- 
plain the superior properties of the mortar found in the re- 
mains of ancient edifices, over that of a modern date ; and 
almost finiversal failure, for a long period, attended all the 
experiments made in conformity with these hypotheses, as 
they were not conducted according to the only sure method 
of investigation in such cases, a careful analysis. The fal- 
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lacy, both of the hypotheses adopted, and the results obtained, 
led scientific engineers to treat the subject in q more rational 
manner, and with a success, which has fully repaid the 
care bestowed on it. The true nature both of lime and mor- 
tar, thanks to the labors of Vicat, Rancourt and Treussart, 
men who stand at the head of the professions of civil and 
military engineers in France, is now perfectly understood, 
and the results, owing to the light that they have thrown on 
the subject, may, with certainty, be predicted. It is now 
placed beyond a doubt, that neither the methods followed in 
slaking the lime, mixing the ingredients, nor the age, are the 
causes of the great strength and hardness of some kinds of 
mortar, although they doubtless exercise some influence ; but 
that these qualities are attributable, almost solely, to the na- 
ture of the lime. That, with common lime and sand, a 
mortar is obtained, which is suitable only for dry exposures ; 
and that no age, nor preparation, will cause it to harden in 
moist situations, such as foundations, the interior of heavy 
walls, and constructions under water. That there are 
natural varieties of lime stone, which possess this peculiar 
property of hardening under water, and in moist situations, 
and are, therefore, alone suitable for hydraulic mortar, and 
that wherever this natural hydraulic lime cannot be pro- 
cured, an artificial mortar can be prepared, fully equal to that 
made of the natural lime, by adding some natural or artificial 
cement to common lime and sand. 

With regard to the action of the lime on the sand, the 
most careful analysis, thus far, has not been able to detect any 
appearance of a chemical combination between the two ; and 
it is the received opinion, that the union between them is 
simply of amechanical character ; — the lime entering the pores 
of the sand, and thus connecting the particles much in the 
same way, as the particles of granular stones are connected 
by a natural cement. The sand itself serves the important 
purposes of causing the mass to shrink uniformly, whilst the 
hardening or setting of the mortar is still in progress, and 
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thus prevents any cracking, which must always be the 
result of irregularity in the shrinking ; it promotes the rapid 
dessication of the mass, and is conducive both to solidity and 
economy, from its superior strength, hardness, and cheapness, 
to Ume. 

No perfectly satisfactory solution has yet been given 
for the hardening of either common or hydraulic mortar. 
That the former acquires strength and hardness with age, 
experience has very conclusively shown ; and it was, for 
some time^ supposed that this arose from a gradual conver- 
sion of the lime into a carbonate, by the slow absorption of 
carbonic gas from the air ; but, from experiments conducted 
with great care, it seems that only a very thin coating on the 
surface undergoes this change, and that no more gas can be 
detected in the interior of the mass, than is usually retained 
by lime, which has been submitted to the greatest heat of or- 
dinary kilns. As to the action which takes place in hydrau- 
Uc lime, it is accounted for on the supposition, that a chemical 
combination takes place between the lime and argile, when 
mixed in a moist state, being a compound formed with new 
properties, distinct from those of the constituent elements } 
this combination requiring a longer or shorter time to be- 
come complete, depending on the energy of the ingredients. 

From the above views of the nature of mortar, it appears 
that its good qualities, as a building material, essentially de- 
pend, 1, on the kind of lime ; 2, on the strength and hard- 
ness of the sand ; 3, on the adhesion between the lime and 
sand, which will depend on the roughness and porosity of 
the particles of sand, and the care bestowed in thoroughly 
incorporating the ingredients. 

The experiments, made on the strength of mortar, have led 
to no satisfactory conclusions, except so far as to institute a 
comparison of the effects produced by using various propor- 
tions of the same or different ingredients, and from the more 
or less care taken in mixing them. As to the absolute 
strength, no definite results, of course, can be arrived at. 
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owing to the variable proportions of the ingredients, until 
some greater uniformity shall be adopted in the practice of 
engineers generally, for determining the proportions, and the 
method of mixing them- 

The most interesting experiments on the strength of mor- 
tar, are those detailed by General Treussart in his work on 
this subject He chose for his experiments small rectangular 
parallellopipeds, six inches long, and squaring two inches by 
two inches. These were placed on props at each end, leaving 
a bearing of four inches between the props. A common 
weighing scale was attached by a hook, or stirup^ to the mid- 
dle point of the parallellopiped, and weights added until i| 
broke. He found that mortar, formed of equal parts of conv- 
mon lime, sand, and cement, bore in this way, before rupture 
took place, from 220 to 440 pounds ; and he recommends, 
that for heavy masonry exposed to the air, the mortar used 
should bear from 220 to 330 pounds, when submitted to this 
test, and that for hydraulic works, from 330 to 440 pounds. 
With regard to mortar of common lime and s«md, its strength 
was found, by his experiments, to be very inferior to that iiji 
which cement entered. The best samples were those made 
with one part of lime and two parts of sand ; some of these 
bore at the moment of rupture, from 60 to IDO pounds,* 

Brick. This material is properly an artij&cial stone, 
formed by submitting common clay, which has undergone 
suitable preparation, to a temperature sufficient to convert it 
into a semi-vitrified state. 

Brick may be used for nearly all the purposes to which 
stone is applicable, for whfen carefully made, its strength, 
hardness, and durability, are but little inferior to the more or- 
dinary kinds of building stone. It remains unchanged under 
the extremes of temperature ; resists the action of water ; sets 



♦Experiments on this very interesting subject to engineers have been made 
by Colonel Totten, of the United States' Corps of Engineers at Fort Adams^ 
So far as they have been prosecuted, they agree with the results given in th^ 
preceding remarlps. 
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firmly and promptly with mortar ; and being both cheaper and 
lighter than stone, is preferable to it for many kinds of struc- 
tures, as arches, the walls of houses, &c. 

The art of brick-mnking is a distinct branch of the useful 
arts, and does not properly belong to that of the engineer. 
But as the engineer is frequently obliged to prepare this mar 
terial himself, the following outline of the process may prove 
of service. 

The best brick earth is composed of a mixture of pure 
clay and sand, deprived of pebbles of every kind, but particu- 
larly of those which contain lime, and pyritous, or other me- 
tallic substances ; as these substances, when in large quanti- 
ties, and in the form of pebbles, act as fluxes, and destroy the 
shape of the brick, and weaken it by causing cavities 
and cracks ; but in small quantities, and equally diffused 
throughout the earth, they assist the vitrification, and give it 
a more uniform character. 

Good brick earth is frequently found in a natural state, and 
requires no other preparation for the purposes of the brick- 
maker. When he is obliged to prepare the earth by mixing 
the pure clay and sand, direct experiments should, in all cases, 
bo mode, to ascertain the proper proportions of the two. If 
the clay is in excess, the temperature required to semi-vitrify 
it, will cause it to warp, shrink and crack ; and, if there is an 
excess of sand, complete vitrification will ensue, under simi- 
lar circumstances. 

The quality of the brick depends as much on the care be- 
stowed on its manufacture, as on the quality of the earth. 
The first stage of the process, is to free the earth from pebbles, 
which is most effectually done by digging it out early in the 
autumn, and exposing it in small heaps to the weather 
during the winter. In the spring, the heaps are carefully rid- 
dled, if necessary, and the earth is then in a proper state to be 
kneaded or tempered. The quantity of water required in 
tempering, will depend on the quality of the earth ; no more 
should be used, than will be sufllcient to make the earth so 
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jdastic, as to admit of its being easily moulded by the work- 
man. About half a cubic foot of water to one of the eiurth, is, 
in most cases, a good proportion. If too much water be used, 
the brick will not only be very slow in drying, but it will, in 
most cases, crack, owing to the surface becoming completely 
dry, before the moisture of the interior has had time to escape; 
the consequence of which will be, that the brick, when burnt, 
will be either entirely unfit for use, or very weak. 

Machinery is now coming into very general use in mould- 
ing brick ; it is superior to manual labor, not only from the 
labor saved, but from its yielding a better quality of brick, 
by giving it great density, which adds to its strength. 

Great attention is requisite in drying the brick before it is 
burned. It should be placed, for this purpose, in a dry ex- 
posure, and be sheltered from the direct action of the wind 
and sun, in order that the moisture may be carried oflf slowly 
and uniformly from the entire surface. When this precau- 
tion is not taken, the brick will generally crack from the 
unequal shrinking, arising from one part drying more rapidly 
than the rest. 

The burning and cooling, should be done with equal care. 
A very moderate fire should be applied under the arches of 
the kiln for about twenty-four hours, to expel any remaining 
moisture from the raw brick ; this is known to be completely 
effected, when the smoke from the kiln is no longer black. 
The fire is then increased until the bricks of the arches attain 
a white heat ; it is then allowed to abate in some degree, in 
order to prevent complete vitrification, and it is alternately 
raised and lowered in this way, until the burning is complete ; 
which may be ascertained by examining the bricks at the 
top of the kiln. The cooling should be slowly effected ; 
otherwise the bricks will not withstand the effects of the 
weather. It is done by closing the mouths of the arches, and 
the top and sides of the kiln in the most effectual manner, 
with moist clay and burnt brick, and allowing the kiln to 
remain in this state, until the warmth has perfectly subsided. 
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Brick of a good quality, exhibits a fine, compact, uniform 
texture when broken across ; gives a clear ringing sound, 
when struck; and is of a cherry red, or brownish color. 
Three varieties are found in the kiln; those which form the 
arches, denominated arch brick, are always vitrified in part, 
and present a grayish glassy appearance at one end ; they are 
very hard but brittle, and of inferior strength, and set badly 
with mortar ; those from the interior of the kiln, usually deno- 
minated body J hard, or cherry^rick, are of the best quality; 
those firom near the top and sides, are generally under burnt, 
and are denominated soft, pale, or salmon brick, they have 
neither sufficient strength, nor durability, for heavy masonry^ 
nor the outside courses of walls, which are exposed to the 
weather. 

The quality of good brick may be improved by soaking it 
for some days in water, and rebuming it. This process in- 
creases both the strength and durability, and renders the 
brick more suitable for hydraulic constructions, as it is found 
not to imbibe water so readily after having undergone it 

The size and form of bricks present but trifling variations. 
They are generally rectangular parallellopipeds, from eight 
to nine inches long, from four to four-and-a half wide, and 
from two to two-and-a-quarter thick. Thin brick is gene- 
rally of a better quality than thick, because it can be dried 
and burned more uniformly. 

Brick presents great diversity in its strength, arising, prin- 
cipally, from its greater or less density ; the densest made of 
the same earth, being uniformly the strongest. It was found 
on experiment, that good brick having the specific gravity of 
2,168, required 1200 pounds on a square inch, to crush it. 

Fire-brick. This material is used for the facing of fur- 
naces, fire-places, &c., where a very high degree of temperar 
ture is to be sustained. It is composed of a very refractory 
species of clay, that will remain unimpaired by a degree of 
heat, which would vitrify and completely destroy ordinary 
brick. A very remarkable brick of this niature, has beeii 
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made of Agaric Mineral ; it remains unchanged by the 
highest temperature, is one of the worst conductors of heat 
known, and is so light, as to float on water. 

TUes. As a roof covering, tiles are, in many cases, supe- 
rior to slate and metallic coverings, both for strength and dura- 
biUty. They are, therefore, very suitable for the roofing of 
arches, as their great weight is not so objectionable, as in the 
case of common roofs of frame work. 

Tiles are made of the best potters' clay, and in order to 
make them both thin and strong, are moulded with great 
care to give them the greatest density. They are of very 
variable form and size, the worst being the flat square formy 
which, owing to the warping of the clay in burning, seldom 
makes a perfectly water tight covering. 

WOOD. 

This matericd holds the next rank to stone, owing to its 
durability and strength, and the very general use made of it 
in constructions. To suit it to the purposes of the engineer, 
the tree is felled after having attained its mature growth, and 
the trunk, the larger branches that spring from the trunk, and 
the main parts of the root, are cut into suitable dimensions, 
and seasoned ; in which state, the term timber is applied to it. 
The crooked, or compass timber of the branches and roots, 
is mostly applied to the purposes of ship-building, for the 
knees and other parts of the frame work of vessels, requiring 
crooked timber. The trunk furnishes all the straight timber. 

The trunk of a full grown tree, presents three distinct 
parts : the bark, which forms the exterior coating, the sap 
wood, which is next to the bark, the heart, or inner part, 
which is easily distinguishable from the sap wood by its 
greater firmness and darker color. 

The heart forms the essential part of the trunk, as a build- 
ing material. The sap wood possesses but little strength, and 
is subject to rapid decay, owing to the great quantity of fer- 
mentable matter contained in it ; and the bark is not only 
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without strength, but, if suffered to remain on the tree after ii 
is felled, it hastens the decay of the sap wood and heart 

Trees should not be felled for timber until they have 
attained their mature growth, nor after they exhibit symp- 
toms of decline ; otherwise, the timber will be less strong, 
and far less durable. Most forest trees arrive at maturity be- 
tween fifty and one hundred years, and commence to dfecline 
after one hundred and fifty, or two hundred years. The age 
of the tree can, in all cases, be ascertained by cutting into 
the centre of the trunk, and counting the rings, or layers of 
the sap and heart, as a new ring is formed each year in the 
process of vegetation. When the tree commences to decline, 
the extremities of the old branches, and particularly the top, 
exhibit signs of decay. 

Trees should not be felled whilst the sap is in circulation ; 
for this substance is of a peculiarly fermentable nature, and, 
therefore, very productive of destruction to the wood. The 
proper seasons for felling are in winter, during the months. of 
December, January, and February, and in midsummer,during 
July. All other seasons are bad ; but the spring is pecuUarly so, 
for the tree then contains the greatest quantity of sap. As the 
sap wood, in most trees, forms a large portion of the trunk, 
experiments have been made, for the purpose of improving its 
strength and durability. These experiments have been 
mostly directed towards the manner of preparing the tree, 
before felling it. One method consists in girdling, or making 
an incision with an axe around the trunk completely through 
the sap wood, and suffering the tree to stand in this state, 
until it is dead ; the other consists in barking, or stripping 
the entire trunk of its bark, without wounding the sap wood, 
early in the spring, and allowing the tree to stand until the 
new leaves have put forth and fallen, before it is felled. The 
sap wood of trees, treated by both of these methods, was found 
very much improved in hardness, strength, and durability ; 
the results from girdling were, however, inferior to those from 
barking. 
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The seasoning of timber is of the greatest importance, not 
only to its durability, but to the solidity of the structure, for 
which it may be used ; as a very slight shrinking of some of 
the pieces, arising from the seasoning of the wood, if used in a 
green state, might, in many cases, cause material injury, 
if not complete destruction to the structure. Timber is 
considered as snffidendy seasoned, for the purposes of frame 
work, when it has lost about one-fifth of the weight, which it 
has in a green state. Several methods are in ase for season- 
ing timber ; they consist either in an exposure to the air for 
a certain period in a sheltered position, which is termed na- 
tural seasaninff, in immersion in water, termed wcUer sea- 
mming'j or in boiling or steaming. 

For natural seasoning, the trunk, so soon as the tree is 
felled, should be deprived of its bark, and be removed to some 
dry position, until it can be sawed into suitable scantling. It 
should then be piled in a perfectly dry situation, and be ex- 
posed to a free circulation of the air, but sheltered from the 
direct action of the wind, rain, and sun. By taking these 
precautions, an equable evaporation of the moisture will take 
place over the entire surface, which will prevent either 
warping or splitting, which necessarily ensues, when one part 
dries more rafridly than another. It is farther recommended, 
instead of piling the pieces on each other in a horizontal po- 
sition, that they be laid on cast iron supports properly pre- 
pared, and with a suflSicient inclination to facilitate the drip- 
ping of the sap from one end ; and that heavy round timber 
be bored through the centre, to expose a greater surface to 
the air, as it has been found that it cracks more in seasoning 
than square timber. 

Natural seasoning is preferable to any other, as timber 
SMSoned in this way, is both stronger and more durable than 
when prepared by any artificial process. Most timber will 
require, on an average, about two years to become fully sea- 
loned in the natural way. 

Water seasoning may be resorted to when despatch is ne- 

6 
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cMnry ; the trunk is immened in water abool a fortnight, 
and then taken oat and dried in a didteied positiMi before 
using iL The sap wood is icndoed less liable to decay by 
this proceasi as a large praportioa fit the fermentable matter 
is disBolTed by the watex ; bat the general strength of the 
timber is inqiaired by dus looa. Fresh nmning water is oon- 
sideied the best for timber, which is lo be used in the firamo 
woriL of hooses, as the salt which is taken up by ti mber, im- 
mersed in salt water, keeps it always in a moist state, by at- 
tracting moistare from the atmoqihae. 

Steaming is nxxtly in use for ship buildings where it is ne- 
cessary to soften the fibres, for the paipose of bending laige 
pieces of timber. It inqiairs the strength of the timber, bat 
renders it less subject to decay, and to warp and cracL 
About four hours is said to be sufficient for steaming the 
largest siaed pieces. 

When timber is used for posts partly imbedded in the 
ground, it is usual to char the part thus imbedded, to presenre 
it from decay. This method is only serriceaUe when the 
timber has been pieyiously well seasoned, as it then acts as 
a preventiTe, both of worms and the rot ; but for green tim- 
ber, it is highly injurious, as by dosing the pores, it preyents 
the evaporation from the sur&ce, and thus causes fermentsr 
tion and rapid decay within. 

The most durable timber is procured from trees of a close 
compact texture, which, on analysis, yield the largest quan- 
tity of carbon. And those which grow in moist and shady 
localities furnish timber which is weaker and less duraUe 
than that from trees growing in a dry open exposure. 

Timber is subject to defects, arising either from some pecu- 
liarity in the growth of the tree, or from the effects of the wea- 
ther. Straight-grained timber, free from knots, is superior in 
strength and quality, as a building material, to that which if 
. the reverse. 

The action of high winds, and severe frosts, injures the 
tree whilst standing : the former separating the layers from 
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each other, fermm^ what is denominated rolled Hmb9r ; 
the latter cracking the timber in several places, from the sur- 
face to the centre. These defects, as well as those arising 
from worms or age, are easily seen by examining a cross sec- 
ticm of the trunk. 

The wet and dry rot are the most serious causes of the 
decay of timber ; as all the remedies thus far proposed to 
prevent them, are too expensive to admit of a very general 
apidication. Both of these causes have the same origin, fer- 
mentation, and consequent putrefaction. The wet rot takes 
place in wood exposed, idternately, to moisture and dryness ; 
and the dry rot is occasioned by want of a free circulation of 
air, as in confined warm localities, like cellars, and the more 
confined parts of vessels. 

Trees of rapid growth, which contain a large portion of 
sap wood, and timber of every description^ when used greeiii 
where there is a want of a free circulation of air, decay very 
rapidly with the rot. 

Of the various remedies, proposed to prevent the rot, the 
application of salt around the timber, is said to succeed in 
ship building ; and boiling the timber fbr some hours in a 
solution of copperas, or in one of corrosive sublimate, is said 
to answer the purpose for house carpentry. The best means 
is to use only well seasoned timber, and to procure a free cir- 
culation of firesh air around it, to prevent the accumulation of 
moisture, or the action of a warm, damp, stagnant, atmos- 
phere. 

The durability of timber varies greatly under different 
circumstances of eixposure. If placed in a sheltered posi- 
tion, and exposed to a free circulation of fresh air, it will 
last for centuries, without any very sensible changes in its 
phyncal properties. The same is known to take place, when 
it is entirely immersed in water, or imbedded in the ground| 
or in thick walls, so as not to be affected by the atmosphere. 
In salt water, howev^, particularly in warm climates, timber 
IB rapidly destroyed by several kinds of worms, which sooo 
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reduce it to a honeycomb state. But if the wood is imbed* 
ded in mud, the worm will not attack it, nor doea it OMially 
eat down farther than about a fiM>t from the bottom. 

The best seasoned timber will not withstand the effects of 
exposure to the weather for a much greater period thiin 
twenty-five years, unless it is protected by a coating of paint 
or pitch, or of oil laid on hot, when the timber is partly char- 
red over a light Uaae, These substances themselyesi being 
of a perishable nature, require to be renewed from time to 
time, and will, therefore, be serviceable only in situations 
which admit of their renewal. They are, moreover, moie 
hurtful than serviceable to unseasoned timber, as by stoiqpiog 
up the pores of the exterior sur&ce, they prevent the moisture 
from escaping from within, and, therefore, promote one of the 
chief causes of decay. 

The forests of our own country produce a great variety of 
the best timber for every purpose, and supply abundantly, 
both our own and foreign markets. The following genera 
are in most common use. 

Oak* About forty^our species of this tree are enumerated 
by botanists, as found in our forests, and those of Mexico. 
The most of them afford a good building material, except the 
varieties of red oak, the timber of which is weak, and de- 
cays rapidly. 

The White Oak. ( Qjutrcus Alba.) So named from the 
color of its bark, is among tlie most valuable of the flpeciea^ 
and is in very general use, but is mostly reserved for 4iaval 
constructions ; its trunk, which is lai^e, serving for heavy 
frame work, and the roots and larger branches affording tim 
best compass timber. The wood is very strong and duraUe^ 
and of a slightly reddish tinge ; it is not suitable for boaidsi 
as it shrinks about iV i^ seasoning, and is very sutgect to 
warp and crack. 

This tree is found most abundantly in the Middle Stales* 
It is sddom seen in comparison with other totest trees, in the 
Eastern and Southern States, or in the rich valleys of tim 
Western States. 
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Post Oak (Quereu9 Obtustlobct,) This tree seldom at* 
tains a greater diameter than about fifteen inches, and, on 
this account, is mostly used for posts, from which use it takes 
its name. The wood has a yellowish hue, and close grain, 
and is said to exceed white oak in strength and durability, 
and is, therefore, an excellent building material for the 
lighter kinds of frame work. This tree is found most abun- 
dantly in the forests of Maryland and Virginia, and is there 
fiequently called Box White Oak, and Iron Oak. It also 
glows in the forests of the Southern and Western States, but is 
rarely seen fiuther north than the mouth of the Hudson 
BiYer. 

CSiesnut White Oak ( Qu^cua Primis Palustris,) The 
timber of this tree is strong and durable, but inferior to the 
two preceding species. The tree is abundant from North 
Carolina to Florida. 

Rock Chesnut Oak ( QMercus Prinus Monticola.) The 
timber of this tree is mostly in use for naval constructions, 
fi>r which it is estee^ied inferior only to the white oak. The 
tree is found in the Middle States, and as far north as Yer- 
moiit. 

live Oeii{Quercu8 Virens.) The wood of this tree is 
rf a yellowish tinge ; it is heavy, compact, and of a fine grain, 
it is stronger and more durable than any other species, and, 
on this account, it is considered invaluable for the purposes 
of ship building, for which it is exclusively reserved. 

The hve oak is not found farther north than the neigh- 
borhood of Norfolk, Virginia, nor farther inlamd, than from 
fifteen to twenty miles from the seacoast. It is found in 
abundance along the coast south, and in the adjacent islands 
as fiar as the mouth of the Mississippi. 

Pine, This very interesting genus is considered inferior 
only to the oak, from the excellent timber afforded by nearly 
all of its species. It is regarded as a most valuable building 
material, owing to its strength and durability, the straig^t- 
nesB of its fibre, the ease with which it is wrought, and its 
applicability to all the purposes of constructions in wood. 
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Yello V Pine {Pinus Mitis.) The heart wood of this tree 
10 fine grained, moderately resinous, 8trong,.anA' dnrahle; 
but the sap wood is very inferior, decaying very rapidly on 
exposure to the weather. The timber is in very general use 
for frame work, &c. 

This tree is found throughout oqr country, but in the 
greatest abundance in the Middle States. In the Southern 
States, it is known as Spruce Pine;, and Short-leaved Pine. 

Long-leaved Pine, or Southern Pine, (Pinus Ausircdis.) 
This tree has but very little sap wood ; and the resinous mat- 
ter is very uniformly distributed throughout the heart wood, 
which presents a fine compact grain, having more hardness,' 
strength, and durability, than any other iq)ecie8 of the Pine, 
owing to which qualities, the timber is in very great de- 
mand. 

The tree is first met with near Norfolk, Yirginia, and from 
this point south, it is abundantly found. 

White Pine, or Northern Pine, (Pinus Strobus.) This 
tree takes its name from the color of its wood, which is white, 
soft, light, straight-drained, and durable. It is inferior in 
strength to the species just described, and has, moreover, the 
defect of swelling in damp weather, and of not giving a firm 
hold to nails. Its timber is, however, in great demand as a 
a good building material, being almost the only kind in use 
in the Eastern and Northern States, for the frame work and 
joinery of houses, &c. 

The finest specimens of this tree grow in the forests of 
Maine. It is found in great abundance, between the 43 and 
47 parallels, N. L. 

Among the forest trees, in less general use than the oak 
and pine, the Locust, the Chesnut, the Red Cedar, and the 
Larch, hold the first place for hardness, sti«ngth, and dura- 
bility. They are chiefly used for the firame work of vessels. 
The chesnut, the locust, and the cedar, are i»referred to all 
other trees for posts. 

The Black, or Double Spruce, (Abies Niffra) also afforda 



811 excdfent building matorial, its timber being strong, dnra^ 
ble, and light. 

The Juniper or WhUe Cedar j and the Cypress^ are very 
celebrated for affording a material, which is very light, and 
erf* gpreat durability, when exposed to the weather ; owing to 
these qaalitiefl, it is almost exclusively used for shingles and 
other exterior eoverii^. These two trees are found, in 
great abundance, in the swamps of the Southen States. 

Strength of Timber. From a variety of experiments, 
made to ascertain the strength of different kinds of wood, it 
appears that there is but little difference in the strength of 
those varieties, which are in most common use as building 
materials. 

The resistance which timber of oak and pine offers to a 
force of extension, acting parallel to the direction of the 
fibreil, is very nearly the same in each ; and on an average, 
may be stated, according to the results of experiments, at 
10,iM)0 pounds on the square inch before rupture ensues. 
The resistance to rupture by compression, is about one half 
the resistance to rapture by a force of extension, and may be 
taken on an average for the two kinds of timber, at 4000 
pounds on the square inch. In practice, timber should not 
be exposed to a permanent strain, greater than one fifth of that 
which will cause rupture, when the force acts parallel to the 
direction of the fibres. To ascertain the limits of the resist- 
ance to a force acting in a perpendicular direction to the 
fibres, it will be necessary to examine the analytical expres- 
sions givep by writers on the strength of materials ; and 
as these expressions are equally applicable to all materials, 
they will be given with their applications in another 
place. 

METALS. 

Iran. This metal is very extensively used for the purposes 
of the engineer and architect, both in the state of east irariy 
9Xid f&rged or wnmght iron. 
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Cast iron is one of the mott raluable bnilding materiahf, 
owing to its great strength, hardness and durability, and the 
ease with which it can be cast, or moulded, into the best 
Ibrnos, £br the purposes to which it is to be applied. 

Cast iron is divided into two principal varieties, the gray 
cast trofi, and white cast iron. There exists a very marked 
difference between the properties of these two varieties. 
There are, besides, many intermediate varieties, which par- 
take more or less of the properties of these two^ as they 
approach, in their external appearances, nearer to the one 
or the other. 

Gray cast iron, when of a good quality, is slighdy malleable 
in a cold state, and will yield readily to the action of the file, 
wh^i the hard outside coating is removed. This variety is 
also sometimes termed soft gray cast iron ; it is softer and 
tougher than the white iron. When broken, the surface of the 
fracture presents a granular structure ; the color is gray, and 
the lustre is what is termed metallic, resembling small bril- 
liant particles of lead strewed over the surface. 

White cast iron is very hard and brittle ; when recently 
broken, the surface of the fracture presents a distinctly marked 
crystalline structure, the color is white, and lustre vitpeous, 
or bearing a resemblance to the relSected light from an aggre- 
gation of small crystals. 

The gray iron is most suitable where strength is required ; 
and the white, where hardness is the principal requisite. 

The color and lustre, presented by the surface of a recent 
fracture, are the best indications of the quality of iron. 
A uniform dark gray color, and high metallic lustre, are 
indications of the best and strongest. With the same color, 
but less lustre, the iron will be found to be softer and weaker, 
and to crumble readily. Iron without lustre, of a dark and 
mottled color, is the softest and weakest of the gray vari- 
eties. 

Iron of a light gray color and high metallic lustre, is usu- 
ally very hard and tenacious. As the color approaches to 
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white, and the metallic lastre changes to vitreous, hardness 
and brittleness become more marked, until the extremes of a 
dull or grayish white color, and a very high vitreous lustre, 
are attained, which are the indications of the hardest and 
most brittle of the white variety. 

The quality of cast iron may also be tested, by striking a 
* smart stroke with a hammer on the edge of a casting. If the 
blow produces a slight indentation, without any appearance of 
fracture, it shows that the iron is slightly malleable, and, 
therefore, of a good quality ; if, on the contrary, the edge is 
broken, it indicates brittleness in the material, and a conse- 
quent want of strength. 

The strength of cast iron will depend not only on the qua- 
Uty of the melted metal, but also upon its temperature at the 
moment it is thrown into the mould ; the position of the 
mould itself; and the manner in which the cooling is per- 
formed. All of these circumstances render it very difficult 
to judge of the quality of a^iasting from a bare inspection of 
its external characters : but, in general, if the exterior presents 
a uniform appearance, without any inequalities on the surface, 
it will be an indication of uniform strength throughout. 

Gray cast iron offers a greater resistance to a force of ex- 
tension, than the white cast, in a ratio of nearly eight to five ; 
but the white cast offers the greatest resistance to a compres- 
sive force. 

The strength of the gray cast iron is very variable, depend- 
ing on the quantity of carbon that is combined with it. Its 
resistance to rupture by a force of extension, in the best varie- 
ties, does not exceed 20,000 pounds on the square inch. It 
is found, moreover, that the strength of bars, cast in vertical 
moulds, is superior to those which are cast horizontally, and 
that large bars are stronger than small ones, in a ratio, which 
is greater than the areas of their sections. 

The resistance of cast iron to compression is very great ; 
from experiments, it appears that, it will bear a weight varying 

6 
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between 90,000 and 140,000 pounds on the square inch, 
before rupture takes place by compression. 

Forged Iron. The color, lustre, and texture of a recent 
fracture, present, also, the most certain indications of the 
quality of forged iron. The fracture submitted to examina- 
tion, should be of bars at least one inch square, or, if of flat 
bars, they should be at least half an inch thick ; otherwise, 
the texture will be so greatly changed, arising from the greater 
elongation of the fibres, in bars of smaller dimensions, as to 
present none of those distinctive differences observable in the 
fracture of large bars. 

The surface of a recent fracture of good iron, presents a 
clear gray color, and high metallic lustre ; the texture is 
granular, and the grains have an elongated shape, and are 
pointed and sUghtly crooked at their ends, giving the idea of 
a powerful force having been employed to produce the frac- 
ture. When a bar, presenting these appearances, is ham- 
mered or drawn out into small bars, the surface of fracture 
of these bars, will have a very marked fibrous appearance, 
the filaments being of a white color and very elongated. 

When the texture is either laminated or crystalline, it is an 
indication of some defect in the metal, arising either from the 
mixture of foreign ingredients, or else, from some neglect in 
the process of forging. 

Burnt iron is of a clear gray color with a slight shade of 
blue, and of a slaty texture. It is soft and brittle. 

Cold short iron, or iron that cannot be hammered when 
cold without breaking, presents nearly the same appearance 
as burnt iron, but its color inclines to white. It is very 
hard and brittle. 

Hot short iron, or that which breaks under the hanmier 
when heated, is of a dark color without lustre. 

The fibrous texture, which is only developed in small bars 
by hammering, is an inherent quality of good iron; those 
varieties, which are not susceptible of receiving this peculiar 
texture, are of an inferior quality, and should never be used 
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for purposes requiring great strength : the filaments of these 
varieties are short, and the fracture is of a deep colori 
between lead gray and dark gray. 

The best foj^ed iron presents two varieties ; the hard and 
soft The hard variety is very strong and ductile, but does 
not yield to the hammer so readily as the soft. It preserves 
its granular texture a long time under the action of the ham- 
mer, and only developes the fibrous texture, when beaten or 
drawn out into small rods : its filaments then present a sil- 
ver white appearance. 

The soft variety is weaker than the hard ; it yields easily 
to the hammer, and it commences to exhibit, under its action, 
the fibrous texture in tolerably large bars. The color of the 
fibres, is between a silver white and lead gray. 

Iron may be naturally of a good quaiity, and, still, from 
being badly refined, not present the appearances, which are 
regarded as sure indications of its excellence. Generally, 
however, if the surface of fracture presents a texture partly 
crystalline and partly fibrous, or a fine granular texture, in 
which some of the grains seem pointed and crooked at the 
points, together with a light gray color without lustre, it will 
indicate natural good qualities, which require only careful 
refining to be fully developed. 

The strength of forged iron is very variable, as it depends 
not only on the natural qualities of the metal, but also upon 
the care bestowed in forging, and the greater or less compres- 
sion of its fibres, when drawn or hammered into bars of dif- 
ferent sizes. 

The resistance offered by the best kinds of forged iron to 
rupture by a force of extension, may be stated, on an average, 
at 60,000 pounds on the square inch for bars whose cross sec- 
tion is greater than one square inch. It has been found that 
in comparing the relative strength of bars of different sizes, 
small bars are the strongest. Bars having a cross section of 
half a square inch, will require a force of extension, equiva- 
lent to 70,000 pounds on the square inch, to produce rupture; 
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and bars having a cross section of a quarter of a square inch, 
will bear from 80,000 to 95,000 pounds on the square inch, 
before rupture ensues. With equal areas, flat bars are 
stronger than square ones, and round bars are stronger than 
either the flat or square bars. 

There are no satisfactory experiments on the resistance ct 
forged iron to rupture from a compressive force. A knowledge 
of this resistance would be of little practical use, as foiled 
iron is never used for vertical supports ; cast iron and wood 
being much superior to it for such purposes. 

STRENGTH OF MATERIALS IN GENERAL. 

The following algebraical expressions are given by writers 
on the subject of the strength of materials, to determine- the 
efiect of a given weight to produce either rupture, or a cer- 
tain flexure, when the direction of the force is perpendicular 
to the fibres of the solid, producing what is termed a tranf- 
versal or cross strain. 

Representing by 

W. the weight applied, 

tp, the weight of the solid, 

/. the depression caused by the applied weight, 

/. the length of the solid between the points of support, 

b. the breadth, or horizontal thickness of the soUd, 

d. the depth, or vertical thickness. 

The following expression represents the relation between 
the applied weight and the depression ; or what is termed 
the stifihess of the solid, 

W + f«, = E.l^. (1.) 

from which expression, there results, 

E = (W + |«)^. ....... (2.) 

or, if the weight of the solid be neglected, 
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The quantity E, in the expressions (2) and (3), is constant 
for the same material, and is termed the coefficient of elasti- 
city. It represents that weight, which, applied on a unit of 
surface of a solid of a given length, would cause an exten- 
sion equal to the length of the solid, supposing it to be per- 
fectly elastic. The relations, therefore, shown by the ex- 
pressions (2) and (3), are true only, when the depressions, 
caused by the applied weight, are so small as not to injure 
the elasticity of the material. 

When the applied weight is sufficiently great to produce 
rupture, the following expressions, in which the same nota- 
tion is followed, as in the foregoing expre9sions, are found to 
obtaia, 

to 2hd^ 

from which, 

«=(^+t)^ (^•) 

The quantity R, in the expressions (4) and (5), is constant 
for the same material, and is denominated the coefficient of 
tenacity <^ or rupture. It represents the weight, which applied 
on a unit of surface of a given material, will cause rupture. 
The value of W and R, obtained from expressions (4) and (5), 
are true only in cases, where the depressions at the instant of 
rupture, are so small, that they may be neglected in calcula- 
tion ; and as this is generally the case in all practical applica- 
tions, these expressions may be used in all such cases. 

To determine the value of the constants E and R, direct 
experiments must be made on each kind of material. The 
experiments are made in the jFoUo wing manner : A sample of 
the material, whose cross section is rectangular, is placed ho- 
rizontally on two props, the distance between which is repre- 
sented by the quantity / ; weights are applied to the material 
at the middle point between the props, and the depressions of 
die middle point below the points resting on the props, caused 
by each weight are noted until rupture takes place. To de- 
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tennine the quantity E, the weight W, which produces a very 
slight flexure of the materials, with its corresponding depres- 
sion/are substituted in expressions (2) and (3); and to obtain 
R, that value of W, which in the experiment, causes rupture, 
is substituted in expression (5). Having, in this way, obtained 
the value of E and R, the value of W in the expressions (1) 
and (4), can be calculated in all other cases ; or any one of 
the quantities be found in terms of the rest 

When the weight, instead of being applied at the middle 
of the solid, expression (1), is equally distributed throughout 
its length, it is shown, both by calculation and experiment, 
that the depression will be less, in the ratio of 6 to 8, or, in 
other words, that f W placed at the middle of the solid, will 
produce the same depression as W, equally distributed over 
the whole length between the props. 

When the solid, instead of resting on two props, is fixed at 
one extremity, and a weight is applied at the other, it is found 
that the depression, arising from this weight, is to that caused 
by the same weight uniformly distributed throughout the 
solid, in the ratio of 8 to 3. 

With regard to the expression (4), it is found that, when a 
weight is uniformly distributed over the solid, the same 
effect will be produced, as if half that weight were applied at 
the middle point. 

When one end of the solid is fixed, and a weight is applied 
at the other end, the expression (4) becomes 

''+i-«-^ •. ■ • • w 

When a solid is maintained in a vertical position, and a 
sufficient weight is applied at the top to produce flexure, the 
following expressions will give the least weight, under which 
the solid will commence to bend, 

W = 0.823E.-^ (7.) 

the cross section of the solid being rectangular, and the same 
notation being adopted as in the preceding expressions. 
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If the cross section of the soUd is a circle, the radius of 
the circle being represented by r, the expression for the least 
weight, becomes 

31 r* 



W. = E. 



4 I 



if 



(8.) 



The preceding expressions show the relations between the 
weights, which produce either rupture, or a certain flexure, 
and the dimensions of solids of the forms which are most 
usually met with in practice. There now remains to be found 
the values of the constants E and R, and to assign such limits 
to them, as are in accordance with safety in practice. 

In the following table, will be found the results of experi- 
ments made upon timber and iron, with the values of E and 
R, deduced by substituting the data which they furnish, in 
the expressions (2) and (5), without taking into consideration 
the values of w, which enter into those expressions, as they 
were generally so small, in the cases considered, as not to affect 
sensibly the result. The inch, and pound avoirdupois are 
taken as the units of measure, and weight. 

Thble of the values of E determined from experiments. 



10 

11 

12 
13 



MattoiaL 



Oak {English) 
Oak (Canadian) 
Pine (American) 
Oak (English) 
White Spruce > 

(Canculian) t 
White Pine - 
Black Spruce 
Southern Pine 
Cast Iron (soft 

Gray\ - 
Same (hard 

and brittle) 
Forged Iron 

(French) 
Same (Swedish^ 
Same (English) 



Value 


Value 


Value 


Value 


of 


of 


of 


of 


L 


ft. 


d. 


W. 

lbs. 


iuche*. 


inches. 


inches. 


84 


2 


2 


200 


84 


2 


2 


225 


84 


2 


2 


150 


30 


1 


1 


ISTi 


24 


1 


1 


180 


85.2 


2.75 


5.55 


777 


85.2 


2.75 


5.55 


892 


85.2 


2.75 


5.55 


1175 


78 


1.5 


3 


440 


36 


0.9 


0.9 


100 


78.7 


1.18 


0.43 


22 


36 


1 


1 


560 


36 


1 


1 


560 



Value 
of 
/. 



inches. 

1.280 

1.080 

0.931 

0.5 

0.5 

0.177 
0.177 
0.177 

0.075 
0.10 

0.944 

0.30 
0.25 



Value of 



4MV- 



lbs. 
1453000 
1930 000 
1492000 
1850000 

1244 000 

1444 000 
1658 000 
2183 000 

17190000 
17780 000 

30090 000 

21783 000 
i26 120 000 



Authors of 

£zperi> 

meats. 



Barlow. 

K 
i( 

Tredgold. 

(( 

Lt. Brown 

<< 

(( 
Tredgold. 



Duleau. 
Barlow. 

C( 



From these values, it appears that, the following may be 
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taken as the mean value of E : for Oak, 1 700 000, for Pine, 
1400000, for Cast Iron, 17 600000, for Forged Iron, 
26 000 000. 

Experiments 6, 7, and 8, were made on our own timber at 
Fort Adams, Newport, R. I., by lAetUenant Brown, of the 
U, S. Corps of Engineers. 

Table of the values of R. determined from experimenis. 





Material. 


Specific 
Gravity. 


Value 
of 
I 


Value 
of 
ft. 


Value ' , ^ 
d, ^• 


Value 0^ 
9W' 


1 

2 

3 

4 
5 
6 

7 
8 


Oak ( English) 
Oak (Canadian) 
White Spruce {Ame- ) 
rican) - - j 
White Pine 
Black Spruce - 
Southern Pine 
Cast Iron 
Same 


,934 

,872 

,465 

,455 

,490 

,872 

7,207 

7,207 


inches. 

84 
84 

24 

85.2 

85.2 

85.2 

36 

36 


iochea 
2 
2 

1 

2.75 
2.75 
2.75 

1 
1 


inchea. 
2 
2 

1 

5.55 

5.55 

5.55 

1- 

1 


Iba. 

637 
673 

285 

5189 
5646 
9237 

897 
800 


10030 
10600 

10960 

7829 

8518 

ia940 

48400 

43900 



From this table, it appears that the following mean values 
may be assigned to R : Oak, 10 000, Spruce and Pine, 8 800, 
Cast Iron, 46 000. 

Practical deductions respecting the strength of materiak. 

From the foregoing expressions, and from the tables de- 
duced from them, the laws which regulate the resistance of 
materials to flexure and rupture, caused by a cross strain, 
may be easily ascertained ; but the values obtained from 
these expressions require to be modified in practice, for the 
materials used in structures of every character, must not only 
be strong enough to resist any effort, whose action for a short 
time would cause rupture, but they must also be secure from 
the effects of permanent or frequent repetition of such action, 
and the alterations to which they may be subjected from ac- 
cidents, and the effects of time. To ascertain the effects 
produced by these several causes of change, resort must be 
had to data, furnished by experiments ; and none can be 
relied upon with more security, than those which are ob- 
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tained by an examination of structures which have already 
withstood the test of time. 

The main point to be determined in all cases, is the eflFort 
to which a material may be exposed, without injury to its 
elasticity ; for if this be impaired in ever so slight a degree, 
the physical constitution of the material will be virtually de- 
stroyed, and it can no longer oppose that reaction on which 
security depends. 

The following results, drawn from experience, wiU serve 
to regulate this Umit. 

Resistance of Stone to Rupture^ 

The principal results, drawn from the experiments of this 
material, have already been given. The following table, 
showing the weight on a superficial foot in some of the most ^ 
remarkable structures in the world, for boldness of design, 
will furnish some additional facts of importance to builders. 

Pillars of the dome of St. Peter's {Rome) 33 330 lbs. 

Pillars of the dome of St. Paul's {London) 39 450 " 

Pillars of the dome of St. Genevieve {Paris) 60 000 " 

Pillars of the church of Toussaint {Angers) 90 000 " 

Lower courses of the piers of the Bridge of 

NeuiUy 3 600 « 

From experiments made on , small cubes of the stone, of 
which these structures are built, the base of the cube being 
nearly four superficial inches, the following results were ob- 
tained; 

The stone used in St. Peter's is a calcareous Tufa, called 
Travertino ; it is crushed by about 536 000 pounds on (he 
square foot. 

Saint Paul's is built of a lime stone, known to mineralo- 
gists as Oolite^ and to builders as Portland stone ; it crushes 
under a weight of 637 000 pounds on the square foot. 

Saint Genevieve is built of a lime stone, which crushes 
under a weight of 456 000 pounds on the square foot. 

The church of Toussaint is built of a very hard shell lime 

7 
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Stone of a reddish color, which crushes under a weight of 
900 000 pounds on the square foot. 

The bridge of Neuilly is built of a lime stone, which crushes 
under 570 000 pounds on the square foot 

Resistance of timber to rupture by extension or compressioiu 

The general results of the strength of wood have already 
been given; from existing structures, it appears, that security 
will be attained by limiting the weight borne to | of that which 
would cause rupture by compression. Although the elasti- 
city of timber is said not to be affected by a force, which is 
between one fourth and one third of that which causes rup- 
ture, still, it is prudent not to submit it to so great a perma- 
nent strain. 

To determine the limits of the cross strain, to which timber 
can be submitted with safety, it should be borne in mind, that 
the degree of flexure, caused by the strain, must not impair the 
elasticity of the fibres, so that when the strain is taken off, the 
piece may regain its natural form. There are no special experi- 
ments, from which this limit can be ascertained, but, from an 
examination of existing structures, it seems, that timber may 
be exposed, with entire safety, to a cross strain equal to -^ of 
that which would cause rupture. In applying, therefore, the 
expressions (4) and (6) to given cases, a value R' must be sub- 
stituted for R, equal to one tenth of that which is contained in 
the tables ; this value for oak, for example, would be 1000. 

As the value of E for oak is 1 700 000 pounds, the elonga- 
tion or compression of the fibres, arising from a value of R 
1000 pounds, will be y^Vo-j or nearly 0.0006, which may, 
therefore, be taken as the greatest that will admit of perfect 
security. 

When a vertical beam is pressed by a force at top, it has 
been ascertained by experiments, that if the length is greater 
than 8 or 10 times the thickness, rupture will take place by 
the bending of the beam, and that, when the length is less 
than 8 times the thickness, the beam will yield by crushiug. 
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To detennine the limits of the strain in this case, the expres- 
sions (7) and {S\ which show the least weight that will cause 
flexuie under these circumstances, must be used, but from a 
comparison of the values furnished by these expressions, and 
those determined by experiments, it appears, tliat the latter 
will be greater than the former, in all cases, where the length 
is less than 20 times the thickness : therefore, in all cases, 
iriiere the length is less than 20 times the thickness, the 
weight to be borne, will be estimated from that by which 
rupture is caused by crushing the fibres. But as any slight 
lateral strain in addition to this, would cause the beam to 
give way, this weight must be farther reduced, depending on 
die length of the beam. 

The experiments, made to ascertain this reduction, indi- 
cate that, for wood, the weight borne should be reduced to 
the I, when the length is equal to 12 times the thickness ; 
and to j-, when it is 24 times the thickness. 

For cast iron, the weight should be reduced to the f , when 
die length is 4 times the thickness ; to about the j-, when it 
is 8 times the thickness ] and to the -,V, when it is 36 times 
the thickness. 

For forged iron, the weight should be reduced to the ^, 
when the length is 12 times the thickness ; and to j-, when it 
is 24 times the thickness. 

The following is about the crushing weights for a square 
inch of these materiab, when the length is once or twice the 
thickness. 
Oak and Pine .... 4 000 pounds 
Forged Iron - - - 60 000 " 

Cast Iron - - - - 140000 « 

Having thus ascertained the reduction of the crushing 
weight required by the length, or of that given by the expres- 
sions (7) and (8), the total permanent weight borne, should 
be only about ^ of this for wood, and between i and f for 
forged, or for cast iron. 
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Resistance of forged iron to a longitudinal extension^ and 

to a cross strain. 

This material may be exposed to a permanent longitudinal 
strain, between | and | of that which would cause rupture. 

When submitted to a cross strain, a value for R, equal to | 
of that determined from experiments, or 15 000 pounds, must 
be substituted in the expression (4) and (6), comparing this 
. with the value of E furnished by the table, it will appear, that 
forged iron may be submitted with safety to a force, which 
would produce an elongation of the fibre, equal to ^^-J^ or 
0.0005. 

Resistance of cast iron to a cross strain. 

The value of R, contained in the table, for this material, 
is 46 000 pounds, and that for E is 17 500 000. 

Cast iron may be submitted with safety, to a strain equal 
to I of that which causes rupture. It will, therefore, be ne- 
cessary to substitute 11 500 for R in the expressions (4) and 
(6.) Comparing this reduced value with that of E, it ap- 
pears, that the fibres can bear with safety an elongation equal 
to 0.0065. 

With regard to the expression (1), it is usually applied to 
find the weight which will cause a given deflection, when 
the dimensions of the solid are given. If, for example, it be 
required to find the weight, which will cause a deflection of 
•jV of an inch for every foot in length of the solid, which 
would be equivalent to xi^ of an inch for every inch in length, 

it would only be necessary to substitute - — for / in the 

given expression, which would then reduce to * 

or 

^ ' 120^« ' 
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The expression would undergo a similar modification for 
any other given deflexion. 

MASONRY. 

Masonry is the art of nosing structures, in stone, brick, 
and mortar. 

Masonry is classified either from the nature of the material, 
as stone masonrt/, brick masonry ^ and mixed, or that which 
is composed of stone and brick ; or from the manner in which 
the material is prepared, as cut stone or ashlar masonry, rub- 
ble stone or rough masonry, dud hammered stone masonry; 
or finally, firom the form of the material, as regular masonry, 
and irregular mtisonry. 

Gut Stone, Masonry of cut stone, when carefully made, 
is stronger and more solid than that of any other class ; but, 
owing to the labor required in dressing or preparing the 
stone, it is also the most expensive. It is, therefore, mostly 
restricted to those works where a certain architectural effect is 
to be produced by the regularity of the masses, or where great 
strength is indispensable, as in works exposed to the shocks 
of the waves, and in the revetment walls of fortifications. 

Before entering on the means to be used, to obtain the 
greatest strength and soUdity in cut stone, it will be necessary 
to give those definitions which may be required to render the 
subject clearer. 

In a wall of masonry, the term /ace is usually applied to the 
fiont of the wall, and the term back, to the inside, the stone 
which forms the front, is termed the facing, that of the back, 
the backing, and the interior, the filling. If the front, or 
back of the wall, has a uniform slope firom the top to the bot- 
tom, this slope is termed the batter. 

The term course, is applied to each horizontal layer of 
stone in the wall ; if the stones of each layer are of equal 
thickness throughout, it is termed regular coursing, if the 
thicknesses are unequal, the term random or irregular cour- 
ring, is applied* The divisions between the stones, in the 
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courses, are termed the joints ; the upper sur&ce of the stones 
of each course is also, sometimes, termed the bed or buUd. 

The arrangement of the different stones of each course, or 
of contiguous courses, is termed the bond. 

The strength and solidity of a mass of cut stone masonry 
will depend on the size of the blocks in each course, on the 
fit or perfect juxtaposition of the blocks, and on the bond 
used. 

The size of the blocks will depend on the kind of stone, 
and the nature of the quarry. From some quarries the stone 
may be obtained of any required dimensions ; others, owing to 
some peculiarity in the formation of the^ stone, only furnish 
blocks of small size. Again, the strength of some stones is 
so great as to admit of their being used in blocks of any 
size, without danger to the strength of the structure, arising 
from their breaking ; others can only be used with safety, when 
the length, breadth, and thickness of the block bear certain 
relations to each other. No fixed rule can be laid down on 
this point : that usually followed by builders, is to make the 
breadth at least equal to the thickness, and seldom greater 
than twice this dimension, and to limit the length to within 
three times the thickness. When the breadth or length is 
considerable in comparison with the thickness, there is dan- 
ger that the block may break, if any unequal setting or une- 
qual pressure should take place. As to the absolute dimen- 
sions, the thickness is generally not less than one foot, nor 
greater than two ; stones of this thickness, with the relative 
dimensions just laid down, will weigh from 1000 to 8000 
pounds, allowing, on an average, 160 pounds to the cubic foot. 
With these dimensions, therefore, the weight of each block 
will require a very considerable power, both of machinery 
and men, to set it on its bed. 

For the coping and top courses of a wall, the same objec- 
tions do not apply to excess in length : but this excess is, on 
the contrary, favorable, because the number of top joints being 
thus diminished, the mass covered by the coping, will be 
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better protected, being exposed only at the joints, which it is 
almost impossible to make water tight, owing to the mortar 
being crushed by the expansion of the blocks in warm wea- 
ther, and, when they contract, being washed out by the 
rain. 

The fit of the blocks will depend solely oiji the accuracy 
with which the surfaces in contact, are vnoughi or dressed ; 
if this part of the work is slovenly done, the mass will not 
only present open joints from any inequality in the settling : 
but from the courses not fitting accurately on their beds, the 
blocks will be liable to crack from the unequal pressure on 
the diflferent points of the block. 

In arranging the fit, the surfaces of one set of joints, 
should, as a prime condition, be perpendicular to the direction 
of the pressure : by this arrangment, there will be no ten- 
dency in any of the blocks to slip outwards. In a vertical 
wall, for example, the pressure being downwards, the sur- 
faces of one set of joints, which are the beds, must be hori- 
zontal. The surfaces of the other set must be perpendicular 
to these, and, at the same time, perpendicular to the face, or 
to the back of the wall, according to the position of the 
stones in the mass ; two essential points will be attained by 
this arrangment, the angles of the blocks, both at the top and 
bottom of the course, and at the face or back, will be right 
angles ; and the block will thus be as strong as the nature of 
the stone will admit. The principles, here applied to a verti- 
cal wall, are applicable in all cases, whatever may be the direc- 
tion of the pressure and the form of the exterior surfaces, whe- 
ther plane or curved. There is, however, a modification, 
which, in some cases, will be requisite, arising from the 
strength of the stone. It is laid down as a rule, drawn from 
the experience of builders, that no stone work with angles 
less than GO^ will offer sofficient strength and durability to 
resist accidents, and the efiects of the weather. If, therefore, 
the batter of a wall should be greater than 60^, which is 
about 7 perpendicular to 4 base, the horizontal joints, (Fig. 6,) 
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must not be carried out, in the same plane, to the face or back, 
but be broken off at right angles to it, so as to form a small 
abutting joint of about 4 inches in thickness. As the batter 
of walls is seldom so great as this, except in some cases of 
sustaining walls for the side slopes of earthen embankm^iti^ 
this modification in the joints will not often occur ; for, in a 
much greater batter, it will generally be more economical, 
and the construction will be stronger, to place the stcmes of 
the exterior in of^ts, the exterior stone of one comrse, 
being placed within the exterior one of the course below it, 
80 as to give the required general direction of the batter. 

Workmen, unless narrowly watched, seldom take the pains 
necessary, to dress the beds and joints accurately ; on the 
contrary, to obtain what are termed close joints, they dress the 
joints with accuracy a few inches only from the outward sur* 
face, and then chip away the stone towards the back or tail, 
(Fig. 7,) so that, when the block is set, it will be in contact with 
the rest, only throughout this very small extent of bearing 
surface. This practice is objectionable under every point of 
view; for, in the first place, it gives an extent of bearing sur- 
face, which, being generally inadequate to resist the pressure 
thrown on it, causes the block to splinter oflf at the joint ; 
and in the second place, to give the block its proper fit, it has 
to be propped beneath by small bits of stone, or wooden 
wedges, which operation is termed pinning-up or under-pin- 
ning ; and these props, causing the pressure on the block 
to be thrown on a few points of the lower surface, instead of 
being equally diffused over it, expose it to crack. 

When the facing is of cut stone, and the backing of rubble, 
this method of thinning off the block maybe allowed for the 
purpose of forming a better bond between the rubble and 
ashlar ; but, even in this case, the block should be dressed 
true on each joint, to at least one foot back from the face ; and 
if there exists any cause, which would give a tendency to an 
outward thrust from the back, then, instead of thinning off 
all the blocks towards the tail, it will be preferable to leave 
the tails of some thicker than the parts which are cut. 
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Various methods are used by builders for the bond of cut 
istone. The system, termed headers and stretcher Sy in which 
the blocks of one course break joints with the courses above 
and below it, is the most simple, and offers, inmost cases, all 
requisite solidity. In this system, (Pig. 8,) the blocks of each 
course are laid alternately with their greatest and least dimen- 
sions to the face of the wall j those which present the longest 
dimensions, are termed stretchers ; the others, headers. If 
the header reaches from the face to the back of the wall, it is 
termed a through ; if it only reaches part of the distance, it 
is termed a hinder. The vertical joints of one course are 
either just over the middle of the blocks of the next course 
below, or else, at least four inches on one side or the other of the 
vertical joints of that course ; and the binders of one course, 
rest as nearly as practicable on the middle of the stretchers 
of the course beneath. If the backing is of rubble, and the 
facing of cut stone, a system of throughs or binderSj similar 
to what has just been explained, must be used. 

By the arrangement here explained, the facing and back- 
ing of each course are well connected ; and, if any une- 
qual settling takes place, the vertical joints cannot open, 
as would be the case were they in a continued line from 
the top to the bottom of the mass, as each block of one course 
confines the ends of the two blocks just under it in the course 
beneath. 

In masses of cut stone exposed to violent shocks, as those 
of which light houses and sea-walls in very exposed posi- 
tions are formed, the blocks of each course require to be not 
only very solidly united with each other, but also with the 
courses above and below them. To effect this, various means 
have been used. The beds of one course are sometimes 
arranged with projections, (Fig. 9,) which fit into correspond- 
ing indentations, of the next course. Iron cramps in the 
form of the letter S, or in any other shape that will answer 
the purpose of giving them a firm hold on the blocks, are let 
into the top of two blocks of the same course at a vertical 

8 
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joint, and are firmly set with melted lead, or with bolts, 
so Its to confine the two blocks together. Holes are^ in some 
cases, drilled through several courses, and the blocks of these 
courses are connected hj strong iron bolts fitted to the holes. 

The best examples of this method of strengthening, the 
bond of cut stone, are to be found in the works of the 
Romans, which have been preserved to our time, and in 
Smeaton's celebrated work, the Eddy-Stone Light House. 

When a block of cut stone is to be laid, the first point to be 
attended to, is to examine the fit, which is done by placing the 
block on its bed, and seeing that the joints fit close, and the 
£Btce is in its proper plane. If it be found that the fit is not 
accurate, the inaccuracies are marked, and the requisite 
changes made. The bed of the course, on which the block 
is to be laid, is then thoroughly cleansed from dust, &c., and 
well moistened, a bed of thin mortar is laid evenly over it, and 
the block, the lower surface of which is first cleansed and 
moistened, is laid on the mortar bed, and well settled by stri- 
king it with a wooden mallet. When the block is laid against 
another of the same course, the joint between them is pre- 
pared with mortar in the same manner as the bed. 

Rubble Stone Masonry, With good mortar, rubble work, 
when carefully executed, possesses all the strength and dura- 
bility, required in structures of an ordinary character ; and 
it is much less expensive than cut stone. 

The stone, used for this work, should be prepared simply 
by knocking off all the sharp, weak angles of the block ; it is 
then cleansed from dust, (fcc, and moistened, before placing 
it on its bed. This bed is prepared by spreading over the 
top of the lower course an ample quantity of good ordinary 
tempered mortar, into which the stone is firmly imbedded. 
The interstices between the larger masses of stone are filled 
in, by thrusting small fragments, or chippings, into the mortar. 
Finally, the whole course should be carefully grouted before 
another is commenced, in order to fill up any voids, left be- 
tween the full mortar and stone. 
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To connect the parts well together, and to strengthen the 
weak points, throughs or binders should be used in all the 
courses ; and the angles should be constructed of cut or 
hammered stone. In heavy walls of rubble masonry, the 
precaution, moreover, should be observed, to lay the stones 
on their quarry bed; that is, to give them the same position, 
in the mass of masonry, that they had in the quarry ; as stone 
is found to offer more resistance to pressure in a direction 
perpendicular to the quarry bed, than in any other. The 
directions of the lamina, in stratified stones, show the posi- 
tion of the quarry bed. 

Hammered stone, or dressed rubble, is stone roughly 
fashioned into regular masses with the hammer. The same 
precautions must be taken in laying this kind of masonry, as 
in the two preceding. 

Brick Masonry. With good brick and mortar this ma- 
sonry offers great strength and durability, arising firom the 
strong adhesion between the mortar and brick. 

The bond used in brick work, is very various, depending 
on the dimensions of the walls. The two most usual kinds, 
are the English bond and Flemish bond. The first consists, 
simply, in laying each course as headers and stretchers ; the 
second, in laying severarcourses of stretchers and one course 
of headers, alternately. 

The mortar bed of brick may be either of ordinary, or 
thin tempered mortar ; the latter, however, is the best, as it 
makes closer joints, and, containing more water, does not 
dry so rapidly as the other. As brick has great avidity for 
water, it would always be well not only to moisten it before 
laying it, but to allow it to soak in water several hours before 
it is used. By taking this precaution, the mortar between 
the joints will set more firmly than when it imparts its water 
to the dry brick,, which it frequently does so rapidly as to reli- 
efer the mortar pulverulent when it has dried. 

Fbumkttions. The first point to be attended to in commen- 
cing the mascmry of a structure, is to procure for the founda- 
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tions an unpelding bed ; for, if this is not done, the struc* 
tare will possess neither stability nor durabiUty. 

This preparatory measure of procuring a stable bed for the 
foundations to rest on, will depend on the nature of the sub- 
soil; and it may be readily ascertained by proper soundings, 
made to a suitable depth. 

With respect to foundations, soils are usually divided into 
three classes : 

The 1st class consists of soils which are incompressible, 
or, at least, to so slight a degree, as not to affect the stability 
of the heaviest masses which may be laid upon them, and, at 
the same time, do not yield in a lateral direction. Solid rock, 
some tufas, compact stony soils, hard clay which yields only 
to the pick or to blasting, belong to this class. 

The 2d class consists of soils which are incompressible, 
but require to be confined laterally, to prevent them from 
spreading out. Pure gravel and sand belong to this class. 

The 3d class consists of all the varieties of compressible 
soils ; under which head may be arranged ordinary clay, the 
common earths, and marshy soils. Some of this class are 
found in a more or less compact state, and are compressible 
only to a certain extent, as most of the varieties of clay and 
common earth ; others are found in an almost fluid state, and 
yield, with facility, in every direction. 

The measures to be taken, to prepare the bed of the foun- 
dations, will also depend upon whether the structure is on dry 
land, or surrounded by water. 

To prepare the bed for a foundation on rock, the thickness 
of the stratum of rock should first be ascertained, if there 
are any doubts respecting it ; and if there is any reason to 
suppose that the stratum will not offer sufficient resistance 
to the weight of the structure, it should be tested by a trial 
weight, at least twice as great as the one it will have to bear 
permanently. The rock is next properly prepared to receive 
th^ foundation courses, by levelling its surface, breaking down 
q11 projecting points, and filling up cavities, either with rub- 
ble masonry, or with beton ; and carefully removing any 
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portions of the upper stratum which present indications of 
having been injured by the weather. The surface, prepared 
in this manner, should, moreover, be perpendicular to the 
direction of the pressure; if this is vertical, the surfax^e 
should be horizontal, and so for any other direction of the 
pressure. If, owing to a great declivity of the surface, the 
whole cannot be brought to the same level, when the pressure 
is vertical, it must be broken into steps, in order that the bot- 
tom courses of the foundation throughout, may rest on a 
horizontal surface. If fissures or cavities are met with, of so 
great an extent as to render the filling them with masonry 
too expensive, an arch must then be formed, resting on th# 
two sides of the fissure, upon which the walls of the struc- 
ture will be raised. 

The slaty rocks require most care in preparing them to 
receive a foundation, as their upper stratum will generally 
be found injured to a greater or less depth by the action of 
frost. 

In stony earths aqd hard clay, the bed is prepared by dig- 
ging a trench wide enough to receive the foundation, and 
deep enough to reach the compact soil which has not been 
injured by the action of frost: a trench from 4 to 6 feet, 
will generally be deep enough for this purpose. The bottom • 
of the trench must be perpendicular to the direction of the 
pressure. 

In compact gravel, and sand, where there is no liability to 
lateral yielding, either from the action of rain, or any other 
cause, the bed may be prepared as in the case of stony earths. 
If there is danger from lateral yielding, the part on which the 
foundation is to rest must be secured by confining it laterally 
by means of sheeting piles, or in any other way that will 
offer sufBcient security. 

In laying foundations on sand, a further precaution is 
sometimes resorted to, of placing a platform on the bottom of 
the trench, for the purpose of distributing the whole weight 
more uniformly over it. This, however, seems to be an un- 
necessary precaution; for if the botttom courses of the ma- 
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sonry are well settled in their bed, there is no good reason to 
apprehend any unequal settling from the etkct of the super- 
incumbent weight : whereas, if the wood of the platform 
should, by any accident, give way, it would leave that part of 
the foundation without any support. 

It sometimes happens, in opening the trench in sand for the 
bed of a foundation, that water is found at a slight depth, and 
in such quantity as to impede the labors of the workmen. 
In this case, if the trench cannot be kept dry by the use of 
pumps or scoops, a row of sheeting piles must be driven on 
each side of the space occupied by it, somewhat' below the 
tK>ttom of the bed, the sand is thrown out, on the outside of 
the sheeting piles, and its place filled with a puddling of 
clay, to form a water-tight enclosure round the trench. The 
excavation for the bed is then commenced, but if it be found 
that the water still makes rapidly at the bottom, only a small 
portion of the trench will be opened, and after the lower 
courses are laid in this portion, the excavation will be gradu- 
ally carried forward, as fast as the workmen can execute the 
work without difficulty from the water. 

The beds of foundations in compressible soils require 
peculiar care, particularly, if the soil is not homogeneous, 
presenting more resistance to pressure in one point than in 
another ; for, in that case, it will be very difficult to guard 
against unequal settling. 

In ordinary clay, or earth, a trench is dug of the proper 
width, and deep enough to reach a stratum, beyond the ac- 
tion of frost ; the bottom of the trench is then levelled oflf to 
receive the foundation. This may be laid immediately on the 
bottom, or else upon a grillage and platform. In the first 
case, the stones forming the lowest course, should be firmly 
settled in their beds, by ramming them with a very heavy 
beetle. In the second a timber grating, termed a grillage, 
(Fig. 10,) which is formed of a course of heavy beams laid 
lengthwise in the trench, connected firmly by cross pieces 
into which they are notched, is firmly settled in the bed, and 



CIVIL ENGINEERING. 63 

the earth solidly packed between the longitudinal and cross 
pieces ; a flooring of thick planks, termed a platform, is then 
laid on the grillage, to receive the lowest course of the foun- 
dation. The object of the grillage, is to diffuse the weight 
more uniformly over the surface of the trench, and to prevent 
any part yielding. If the soil is homogeneous, this will be 
an excess of precaution ; but it appears very suitable when 
the compressibility of the soil is not uniform. 

In the case of a soil unequally compressible, it would be bet- 
ter to spread a layer of beton, from 3 to 6 feet in thickness, 
over the bottom of the trench, to receive the lowest course of 
the stone work, as it would present more solidity, and would 
be less subject to accident, than the grillage and platform. 

In marshy soils, the principal diflSculty consists in forming 
a bed sufliciently firm, to give stability to the structure, 
owing to the yielding nature of the soil in all directions. 

The following are some of the dispositions that have been 
made, with success, in this case. Short piles from 6 to 12 
feet long, and from 6 to 9 inches in diameter, are driven 
into the soil as close together as they can be crowded, over 
an area considerably greater than that which the structure is 
to occupy. The heads of the piles are accurately brought 
to a level to receive a grillage and platform ; or, else, a layer 
of clay, from 4 to 6 feet thick, is laid over the area thus pre- 
pared with piles, and is either solidly rammed in layers of a 
foot thick, or submitted to a very heavy pressure for some time 
before commencing the foundations. The object of prepa- 
ring the bed in, this manner, is to give the upper stratum of 
the soil all the firmness possible, by submitting it to a strong 
compression from the piles, and when this has been effected, 
to procure a stable bed for the lowest course of the foun- 
dation by the grillage, or clay bed ; by means of which, the 
whole pressure will be uniformly distributed throughout the 
entire area. This case is also one in which a bed of beton 
would replace, with great advantage, either the one of clay, 
or the grillage. 
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The purposes to which the short piles are applied in this 
case, is different from the object to be attained usually in the 
employment of piles for foundations ; which is to transmit 
the weight of the structure that rests on the piles, to a firm 
incompressible soil, overlaid by a compressible one, which 
does not offer sufficient firmness for the bed of the foundation. 
The use of long piles in such a case, is sometimes the only 
practicable means of forming a stable bed for the foundation^ 
and the plan is generally more economical, than either to ex- 
cavate the compressible soil to reach the incompressible one ; 
or to prepare the surface of the incompressible soil, so as to 
offer sufficient firmness. 

To prepare the bed to receive the foundations in this case, 
strong piles are driven at equal distances apart, over the 
entire area on which the structure is to rest. These piles 
are driven, until they meet with a firm stratum below 
the compressible one, which offers sufficient resistance to pre- 
vent them from penetrating farther. The measure of this 
resistance is estimated by taking the absolute stoppage, or 
the refusal of the pile to penetrate farther than ^^ of an inch 
from the effect of 30 strokes of a ram, weighing 800 pounds, 
raised to the height of 5 feet at each stroke. 

Piles are generally from 9 to 18 inches in diameter, 
with a length not above 20 times the diameter, in order that 
they may not bend under the stroke of the ram. They are 
prepared for driving, by stripping them of their bark, and cut- 
ting down the knots, so that the friction, in driving, may be 
reduced as much as possible. The head of the piles is en- 
circled by a string iron hoop, to prevent the ram from split- 
ting it ; and the foot is fitted into a wrought iron socket, 
which is made of a suitable form to penetrate the soil. 

The number of piles required, will be regulated by the 
weight of the structure. An allowance of 1000 pounds on 
each square inch will insure safety. . The least distance 
apart, at which the piles can be driven with ease, is about 
2i feet between their centres. If they are more crowded 
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than this, they will force each other up, as they are succes- 
sively driven. When this is found to take place, the driving 
should be commenced at the centre of the area, and the butt 
end of the pile should be taken for the foot, or part driven 
into the soil. 

After the piles are all driven, their beads are sawed off 
to a level, to receive a grillage and platform for the foundation. 
A large beam, termed a capping, is first placed on the heads 
of the outside row, to which it is fastened by means of wooden 
pins or tree-nails driYen into an auger hole, made through the 
cap into the head of each pile. After the cap is fitted, lon- 
gitudinal beams, termed string pieces, are laid lengthwise 
on the heads of each row, and rest at each extremity on 
the cap, to which they are fastened by a dove tail joint and a 
wooden pin. Another series of beams, termed cross pieces, 
are laid crosswise on the string pieces, over the heads of each 
row of piles. The cross and string pieces are connected by a 
notch cut into each, so that, when put together, their upper 
surfaces may be on the same level, and they are fastened to 
the heads of the piles in the same manner as the capping. 
The extremities of the cross pieces rest on the capping, and 
are connected with it, like the string pieces. 

The platform is made of thick planks which is laid over 
the grillage, with the extremity of each plank resting on the 
capping, to which, and to the string and cross pieces, the 
planks are fastened by nails. 

The capping is usually thicker than the cross and string 
pieces by the thickness of the plank ; when this is the case, 
a rabate, about 4 inches wide must be made on the inner edge 
of the capping, to receive the ends of the planks. 

An objection is made to the platform as a bed for the foun- 
dation, owing to the want of adhesion between wood and 
mortar ; from which, if any unequal settling should take 
place, it would expose the foundations to slide off the platform. 
To obviate this, it has been proposed to replace the grillage 
and platform by a layer of beton resting partly on the heads 

9 
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of the piles, and partly on the soil between them. This 
means would furnish a solid and stable bed for the masonry 
of the foundations, devoid of the objections made to the one 
of timber. 

To counteract any tendency to sliding, the platform may 
be inclined if there is a lateral pressure, as in the case, for 
example, of the abutments of an arch. 

In soils of alluvial formation, it is common to meet with a 
stratum of clay on the surface, underlaid with soft mud, in 
which case, the driving of short piles would be injurious, as 
the tenacity of the stratum of clay would be destroyed by the 
operation. It would be better not to disturb the upper stra- 
tum in this case, but to give it as much firmness as possible, 
by ramming it with a heavy beetle, or by submitting it to a 
heavy pressure. 

Sand has also been used, with complete success, to form a 
bed for the foundations in a very compressible soil. For this 
purpose a trench is (Pig. 11,) excavated, from 4 to 6 feet in 
depth ; the trench is filled with sand to the depth of 3 or 4 
feet, the sand being spread in layers of about 9 inches, and 
each layer being firmly settled by a heavy beetle, before lay- 
ing the next. If water should make rapidly in the trench^ it 
would not be practicable to pack the sand in layers. Instead, 
therefore, of opening a trench, holes about 6 feet deep, and 
6 inches in diameter, (Fig. 12,) should be made, by means of 
a short pile, as close together as practicable; when the 
pile is withdrawn from the hole, it is immediately filled with 
sand. To cause the sand to pack firmly, it should be slightly 
moistened before placing it in the holes, or trench. 

The sand when used in this way, as a bed for foundations, 
appears to act by transmitting the pressure laid on it, not only 
over the bottom of the trench, but over the sides, so that, 
unless lateral yielding takes place, a very great resistance is 
offered to the pressure, and great stability is secured. 

In laying foundations in water, two difficulties have to 
be overcome, both of which require great resources and care 
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on the part of the engineer. The first consists in the means 
to be used in preparing the bed of the foundation ; and the 
second, in securing the bed from the action of the water, to 
insure the safety of the foundations. The last is, generally, 
the more difficult problem of the two, for a current of water 
will gradually wear away, not only every variety of loose 
soils, but also the more tender rocks, or those of a loose tex- 
ture belonging to the calcareous and argillaceous classes, par- 
ticularly if stratified, as well as most varieties of sand stone. 

To prepare the bed of a foundation in stagnant water, the 
only difficulty that presents itself is to remove the water from 
the area on which the structure is to rest. If the depth of 
water is not over 4 feet, this is done by surrounding the area 
with an ordinary water-tight dam of clay, or of some other 
binding earth. For this purpose, a shallow trench is formed 
around the area, by removing the soft or loose stratum on the 
bottom ; the foundation of the dam is commenced by filling 
this trench with the clay, and the dam is completed by spread- 
ing successive layers of clay about one foot thick and pressing 
each layer as it is spread, to render it more compact. When 
the dam is completed, the water is pumped out from the enclo- 
sed area, and the bed for the foundation is prepared as on 
dry land. 

When the depth of stagnant water is over 4 feet, and in 
running water, of any depth, the ordinary dam must be re- 
placed by the cofier-dam. This construction consists of two 
rows of plank, termed sheeting piles, driven into the soil 
vertically, forming thus a coffer work, between which, clay 
or binding earth is filled in, to form a water-tight dam to ex- 
clude the water from the area enclosed. 

To construct the cofier-dam, (Fig. 13,) a row of ordinary 
piles is driven around the area to be enclosed, about 4 feet 
from each other. These piles should take a firm hold of the 
soil, and, for this purpose, should penetrate from 4 to 6 feet 
below thQ bottom. They are connected firmly at top by a 
string course, formed of stout pieces of scantling, which are 
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laid horizontally against the row of piles, at least one foot 
above the surface of the water, and are bolted to each pile. 
This string course is laid on the side of the row next to the 
area enclosed. 

A second row of piles is then driven parallel to the first, in 
a similar manner, leaving a distance between the rows, equal 
to the desired thickness of the dam. This thickness for all 
depths under 10 feet, should be 10 feet, and for all depths over 
this, one foot is added to tlie thickness for every additional 
depth of three feet. For small depths the dam wOl have a 
surplus of strength, but as the top of it is commonly used as 
a scaffolding or bridge, it will be well to give it this prescribed 
thickness for that purpose. The second row is connected at 
top by a string course, placed like that of the first row, but 
on the off side from the area. 

A second string course, but of smaller scantling than the 
first, is bolted to the piles of each row on the opposite side of 
the first two. These are intended as supports for the tops of 
the sheeting piles to rest against, after they are driven. 

When this frame work is completed, the sheeting piles are 
driven within the space between the rows of piles ; one row of 
the sheeting piles resting against the string course of the in- 
ner row of piles, the other, against that of the outer coiuse. 
The sheeting piles are about 9 inches broad, and 3 or 4 inches 
thick. They should penetrate 3 or 4 feet below the bottom, 
to take a firm hold on the soil. After the sheeting piles are 
driven, they are fastened to the string courses, against which 
they rest, by another string course of thick plank, placed 
opposite to the first, and fastened to it by bolts or spikes pass- 
ing through it and the sheeting piles. 

Cross pieces of timber are next laid resting on the string 
courses, to which they are fastened by a notch cut into each 
piece, and a nail or pin of wood. These cross pieces are 
placed about 3 or 4 feet apart, according to the dimensions of 
the scantling used for them. Their object is to connect the 
two rows of piles together, to prevent them from spreading 
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outwards, when the earth of the dam is put between the 
sheeting piles, and, also, to serve as joists for the scaflfolding, 
or bridging, over the dam. 

After the coffer work is, in this way, completed, the soft 
mud, or loose soil, is scooped out from the bottom between 
the rows of sheeting piles, for the purpose of leaving a com- 
pact stratum for the earth of the dam, tei'med the puddling^ to 
rest on. The best puddling to form a water tight mass, is a 
mixture of pure clay and sand. The puddling is spread in 
successive layers about one foot thick ; each layer is pressed 
compactly before spreading the succeeding one, care being 
taken at the same time, to agitate the water as little as prac- 
ticable. 

When the puddling is finished, the area, enclosed by the 
coffer-dam, is fi^eed from water by pumps, or in any other 
way most convenient. 

The coffer-dam cannot be used with economy on a sandy 
bottom if the depth of water is above 5 feet ; for the exterior 
water, by its pressure, will, in most cases, force its way under 
the puddling, so soon as the interior is freed from water. 
If the bottom is of ordinary soil, or of soft clay, the same in- 
conveniences will be found in depths over 10 feet. In these 
cases, therefore, there will be no other remedy, than to scoop 
out all the soft mud, or loose soil, from the enclosed area, and 
to replace it with a layer of clay from 3 to 6 feet thick, which 
must be compactly pressed. A flooring of thick plank must 
next be laid over this artificial bottom, and be confined, by 
loading it with loose stone, or in any other way, to resist the 
pressure of the exterior water under it, when the water is 
pumped from the area. A layer of beton would be still more 
effectual than the method here explained, and would form a 
better bed for the foundations. 

When the coffer-dam cannot be used with economy, the 
floating^ caisson must be resorted to. This is a large box, 
the bottom of which is flat, (Fig. 14,) being made of heavy 
scantling laid side by side, and firmly connected together, and 
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serves as a bed for the foundation. The sides of the box 
are vertical, and formed of a frame work of upright timbers 
which are inserted into a capping piece, which receives the 
ends, also of the scantUng forming the bottom; the up- 
rights are covered on the outside by thick plank nailed to 
them. The seams are caulked to render the caisson water- 
tight. The sides are not permanently attached to the bottom, 
but are arranged so that they can be detached from it when 
the masonry is completed. This arrangement of the sides, 
is effected in the following manner. Strong hooks, of wrought 
iron, are fixed to the bottom of the caisson at -the sides of the 
capping piece, corresponding to the points where the uprights 
of the sides are inserted into this piece. Cross pieces of 
strong scantling are laid across the top of the caisson, resting 
on the opposite uprights, upon which they are notched^ 
These cross pieces project from 6 to 12 inches beyond the 
sides, and the projecting parts are each perforated by an au- 
ger hole, large enough to receive a bolt of 2 inches in diame- 
ter. The object of these cross pieces is twofold ; the first is 
to stay^ or buttress, the sides of the caisson at top against the 
exterior pressure of the water ; and the second is to serve as 
a point of support for a long bolt, or rod of iron, which has 
an eye at the lower end, into which the hook on the capping 
piece is inserted, with a screw at top, to which a nut, or 
female screw, is fitted, and which, resting on the cross pieces 
as a point of support, draws the bolt tight, and, in that 
way, attaches the sides and bottom of the caisson firmly to- 
gether. 

A bed is prepared to receive the bottom of the caisson, either 
by levelling the soil on which the structure is to rest, if it be 
of a suitable character to receive directly the foundation ; or 
else large piles are driven through the upper compressible 
strata of the soil to the firm strata beneath, and the heads of 
these piles, are sawed off on a level to receive the bottom of 
the caisson. In fresh water, where wood is not attacked by 
the worm, the heads of the piles may be sawed off at any 
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point above the bottom, provided that the bottom of the cais- 
son is always covered with water, to secure the wood from 
decay. Id salt water, the heads of the piles should not pro- 
ject more than one foot above the bottom, as, at this distance, 
the wood will still be secure from the attacks of the worm. 

To settle the caisson on its bed, it is floated to and moored 
oyer it, and the masonry of the structure is commenced and 
carried up, until the weight grounds the caisson. But, as 
whatever precautions may have been taken to form a level 
bed, it may not be perfectly so, the caisson should be so 
contrived, that it can be grounded, and aAerwards raised, 
and any requisite change be made in the level. To effect 
this, a small sliding gate should be placed in the side of the 
caisson, for the purpose of filling it with water at pleasure. 
By means of this gate, the caissbn can be grounded, and, by 
closing the gate, and pumping out the water, it can again 
be set afloat. 

After the caisson is settled on its bed, and the masonry of 
the structure is raised above the surface of the water, the 
sides are detached, by first unscrewing the nuts and detaching 
the rods, and then taking off the top cross pieces. By filling 
the caisson with water, this operation of detaching the sides, 
can be more easily performed. 

To adjust the piles before they are driven, and to prevent 
them from spreading outwards, by the operation of driving, 
a strong grating of heavy timber, (Fig. 15,) formed by notch- 
ing cross and longitudinal pieces, on each other, and fastening 
them firmly together, may be resorted to. This grating is 
arranged in a similar manner to a grillage, only the square 
compartments, between the cross and string pieces, are larger, 
so that they may enclose an area for 4 or 9 piles ; and, in- 
stead of a isingle row of cross pieces, it would be better to 
form the grating with a double row, one at top, the other at 
the bottom, embracing the string pieces, on which they are 
notched. 

The grating may be fixed in its position at any depth un- 
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der water, by a few provisional piles, to which it can. be 
attached. 

Another method of laying foundations in deep water is to 
enclose the area, on which the structure is to rest, by a strong 
coffer-work, (Fig. 16,) and to fill this coffer-work with beton 
to a level within one or two feet of the «ur&ce of the water, 
and then to commence the masonry on this mass, after it has 
become firm, which will require from 15 days to several 
months, according to the quality of the beton. The bottom 
of the area enclosed should be scooped out to a depth of 6 
feet, if practicable, before the beton is thrown in. 

In a recent publication on mortar by General Treussart, 
of the French Corps of Engineers^ the following method of 
securing a firm bed for foundations, in any depth of water, is 
proposed by the author. The area on which the structure 
is to rest, is first enclosed by strong sheeting piles, (Fig. 17,) 
driven sufficiently deep, to take a firm hold on the soil. The 
bottom, within this area, is next scooped out to a depth of 6 
feet, and the soil removed is replaced by a mass of beton of 
the same thickness. While the mass of beton is still green,* a 
second row of sheeting piles is driven into it, about 6 inches, 
leavinof an interval of 5 feet between it and the first row. 
This interval is then filled by a compact puddling, care being 
previously taken to secure the rows of sheeting piles from 
yielding laterally. A water-tight dam is thus formed, and the 
water is pumped from the enclosed area. If, from the per- 
meable nature of the soil at the bottom, it is feared, that the 
pressure of the exterior water, on the under side of the mass 
of beton, might throw it up, then it would be necessary to lay 
a provisional weight on this mass, before the water is pump- 
ed out; this weight being gradually removed, as the structure 
advances. 

The immersion of beton, for foundations in water, requires 
great care. The best plan seems to be, to use a bucket with 
four sides, the top bemg wider than the bottom ; it is 
provided with an ordinary handle, to which a small rope is 
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attached, for the purpose of raising and lowering it in the 
water. A cord is attached to the bottom of the bucketi 
to upset it and throw out its contents. The beton, bro- 
ken into blocks of about half a cubic foot, is placed in 
the bucket, lowered near the spot it is to occupy, and is 
thrown out. By this means, it is deposited in the mass in a 
compact state, which is essential to the firnmess of the mass ; 
fiir were the beton thrown into the water at the surface, the 
greater part of the Ume would be separated from the other el^ 
ments, before it reached the bottom. 

To prevent voids in the different layers, each one should 
be firmly pressed by a ram, whilst the beton is still green, and 
a fresh layer must not be laid, until the other has partially 
set. 

Another precaution is also necessary to form a perfect union 
between the layers. Whatever pains may be taken in lower- 
ing the beton, some of the lime will wash, and remain sus- 
pended in the water ; this will, finally, settle into a thin 
cream on the surface of the layer, and would prevent a union 
between it and the succeeding one, if not removed. To effect 
this, when there is a current of water, two holes may be made 
in the coffer-work just below the surface of the water, to form, 
when left open, a current through the enclosed area. By 
agitating the water within the area, the lime held in suspen- 
sion, will be gradually carried off through the holes by the 
current. Or if this plan cannot be adopted, the lime, after it 
has settled on the surface of the layer, may be carefully swept 
into a corner by means of a broom, and be taken out by a 
scoop. 

Where the area, occupied by a structure, is very considera- 
ble, and the depth of water great, the methods which have 
thus &r been explained, cannot be used. In such cases, a 
solid bed is made for the structure, by forming an artificial 
island of loose heavy blocks of stone, which are spread over 
the area, and receive a batter of from one perpendicular to one 
base, to one perpendicular and six base, according to the expo- 

10 " 
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sure of the bed to the effects of wares. This bed is raised 
several feet above the surface of the water, according to the 
nature of the structure, and the foundation is commenced 
upon it. 

It is important to observe, that, where such heavy masses 
are laid upon an untried soil, the structure should not be 
commenced before the bed appears entirely to have settled, 
nor then, if there be any danger of further settling taking 
place from the additional weight of the structure. Should 
any doubts arise on this point, the bed should be loaded with 
a provisional weight, somewhat greater than that of the con- 
templated structure, and this weight may be gradually re- 
moved, if composed of other materials than those required for 
the structure, as the work progresses. 

A very striking case of this character, occurred in our own 
works at the fort, named Castle Calhoun^ at the entrance of 
Hampton Roads, Virginia. This fort is building oa an arti- 
ficial bed of the character just described, which was laid on 
a bar of compact sand, and, as there was every reason to sup- 
pose its depth very great, considered incompressible. After 
the bed was finished, and the structure commenced, a very 
gteat settling was observed, which increased so rapidly, that 
the work had to be suspended, and resort to be had to a provi- 
sional weight before proceeding farther. This has produced 
the expected result, and a final term has taken place in the 
settling ; the cause of which, in the first place, appears to 
have been owing to the sand bar, resting on a stratum of in- 
definite depth, formed of a soft mud, which is the common 
formation along our southern sea board. 

To give perfect security to the foundations in running wa- 
ter, the soil around the bed must be protected to some extent 
from the action of the current. The most ordinary method of 
eflFecting this, is to form what is termed an enrockment around 
the bed, by throwing in loose masses of broken stone of suf- 
ficient size to resist the force of the current. This method 
will give all required security, where the soil is not of a shift- 
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ing character, like sand and gravel. To secure a soil of this 
nature, it will, in some cases, be necessary to scoop out the 
bottom around the bed to a depth of from 3 to 6 feet, and 
to fill this excavated part with beton, the surface of which 
may be protected from the wear arising from the action of 
the pebbles carried over it by the current, by covering it with 
broad flat flagging stones. 

When the bottom is composed of 00ft mud to any great 
depth, it may be protected by enclosing the area with sheeting 
piles, to prevent a lateral spread, and then filling in the en- 
closed space with fragmentsof loose stone. If the mud is very 
soft, it would be advisable, in the first place, to cover the area 
with a grillage, or with a layer of brush wood laid compactly, 
to serve as a bed for the loose stone, and thus form a more 
stable and solid mass. 

Sheeting piles are often used to enclose an area around a 
foundation resting on piles. This, however, is a yery inade- 
quate method, for the sheeting piles are exposed to the same 
danger as the piles. The only use to which sheeting piles 
can be applied in securing the bed of a foundation, is in pre^ 
venting the soil on which it rests from yielding in a lateral 
direction, as, for example, in quay walls, where there is an 
outward thrust from the earth, resting against the back of the 
wall, which might throw the wall over, were the soil around 
the foundations, on the exterior of the wall, to yield in the 
slightest degree laterally. 

Construction of Masonry, Having given the most essen- 
tial principles and details for the security of foundations, the 
next step in a natural order, will be to explain the construc- 
tion of the masonry of the difierent parts of a structure. 

Foundations, As the object of the foundations is to give 
greater stability to the structure by diflfusing its weight over a 
greater surface, their breadth, or spread^ should be propor- 
tioned both to the weight of the structure and to the resi^ 
ance oflfered by the subsoil. In a perfectly unyielding soil, 
like haid rock, there would be no increase of stability bf^ 
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augmenting the base of the structure beyond what would be 
strictly necessary to its stability in a lateral direction, whereas 
in a very compressible soil, like soft mud, it would be neces- 
sary to make the base of tiie foimdation very broad, so that 
by diffusing the weight over a great sur£Eu:e, the subsoil may 
offer sufficient resistance, and any unequal settling be obvi* 
ated. 

The thickness of the foundation will depend on the spread; 
it is customary to make it from 3 to 6 feet. 

The base of the foundation is made broader than the lop 
from motives of economy. This diminution of the mass, 
(Fig. 18,) is made either in steps, termed offsets^ or else by 
giving a uniform batter from the base to the top. The latter 
method is now generally Used ; it presents equal stability with 
the former with a less mass. 

When the foundation has to resist only a vertical pressure, 
an equal batter is given to it on each side ; but if it has to 
resist also a lateral effort, the spread should be greater on the 
side opposed to this effort, in order to resist its tendency, 
which would be to cause a rotation on that side. 

The bottom course of the foundations is usually formed of 
the largest sized blocks, roughly dressed with the hammer; 
but if the bed is compressible, or the surfaces of the blocks 
are undulating, it is preferable to use blocks of a small size 
fbr the bottom course ; because these small blocks can be firmly 
settled by means of a heavy beetle, into close contact with the 
bed, which could not be done with large sized blocks, parti- 
cularly if their under surface were not perfectly plane. The 
next course above the bottom one should be of large blocks, 
to connect in a firm manner the smaller blocks of the bottom 
course, and to diffuse the weight more uniformly over them. 
When a foundation is laid for a structure resting on isolated 
supports, like the pillars, or columns of an edifice, an inverted 
or counter arch, (Fig. 19,) should connect the top conrseof 
the foundation under the base of each isolated support, so 
that the pressure on any two adjacent ones may be distributed 
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over the bed of the foondation in the interval between them. 
This precaution is obviously only useful in compressible soils. 
In incompressiUe soils it would be only necessary to carry up 
the courses immediately below each support, with great care, 
to present a stable bed for the base of the support 

The counter arch is also used in compressible soils when 
an upward pressure on the bottom of the foundations is to be 
counteracted ; as, for example, at the bottom of structures in, 
or near water, wh^re the water, by finding its way under the 
bottom, and establishing a communication with a level or 
head of water considerably higher than the bottom, would 
cause a very great upward pressure. 

The angles of the foundations should be formed of the 
most massive blocks. The courses should be carried up uni- 
formly throughout the foundation, to prevent unequal settling 
in the mass. 

Hydraulic mortar should be used for the foundations, and 
the upper courses of the structure should not be commenced 
until the mortar has partially set throughout the entire foun- 
dation. 

The stones of the top course of the foundation should be 
sufficiently large to allow the bottom course of the upper part 
of the structure to rest on the exterior stones of the top 
course. The courses of the upper structure should be car- 
ried up uniformly throughout, to prevent unequal settling ; 
this precaution is particularly necessary in cases where the 
&cing, backing, and filling of a wall, are not formed of the 
same kindpf masonry. The lower courses should be laid with 
hydraulic mortar to at least 3 feet above the surface of the 
ground. If the upper structure has to sustain a heavy weight 
independendy of its own mass, it would be advisable to allow 
die mortar to set before this weight is laid on. 

Walls of ordinary dimensions, in which the back and &ce 
are exposed to the action of the atmosphere, may be laid with 
common mortar. But heavy walls, and those which have to 
•ostain a bead of water, or a terrace, must be laid with by* 
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draulic mortar. Besides the usual mortar bed for the stone 
grout should be poured over each course ; particularly in 
rubble work walls, which require to be water-tight, as those 
used for lock chambers, terrace walls, &c. The grout, if 
poured in slowly and carefully, will fill up all the interstices 
which might be left between the stone and the mortar bed. 

Heavy walls requiring great solidity have, in some cases, 
been laid with grout alone, the backing and facing of each 
course being first laid in full mortar, and the filling being 
formed of dry stone closely packed, and then grouted. This 
method has not been found to answer the proposed end ; for, 
in the successive drenchings of the stone with the grout, the 
lime and sand separate, and form distinct layers, and the 
grout, after it has set, is found to be very porous and 
weak. 

Although objectionable for stone walls, grout may be used 
with advantage for heavy brick walls requiring great solidity, 
as the dry brick will absorb the water rapidly, and will pre- 
vent the disunion of the lime and sand. The exterior cour- 
ses of the wall should, in this case, be laid with very thin 
tempered mortar, and the grout be not poured in until the 
exterior joints are sufficiently firm to be water-tight. 

Beton has frequently been used as a filling for walls re- 
quiring to be water-tight ; it presents however no advantages 
over walls of cut or rubble stone laid in hydraulic mortar, 
with the additional precaution of grouting each course ; and 
it has the disadvantage of requiring great care in the con- 
struction to prevent any unequal settling in the backing, 
facing, and filling. 

In walls where the materials are not of the same character 
throughout the breadth of the course, it will be very difficult 
to prevent unequal settling in the diflferent parts of the mass. 
The only means by which it can be avoided, consist in pack- 
ing the stone of that part of the course where most mortar is 
used as closely as practicable, and in carrying up the courses 
uniformly and slowly througtiout, so that the settling may be 
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eqaable, and the mortar may partially set, before it has to bear 
a great weight from the superior courses. 

The unequal settling caused by the inequality of weight of 
the different parts of a mass of masonry, is one of the chief 
causes of the ruin of structures ; for it produces cracks, and 
a disjunction of the parts, from which lateral pressures arise 
against some portions, which, in the original plan, were not 
calculated to sustain any but a vertical pressure ; and those 
portions, not having sufficient strength to withstand this 
pressure, give way, and cause the destruction of the rest. It 
is not an easy problem, in all cases, to provide against acci- 
dents of this kind. All that can be done is either to build up 
the heaviest masses first, and allow them to gain their final 
settling before the others are raised, with which they are to 
be connected ; or ^e, if the character of the structure 
admits of it, the whole may be carried up together, leaving 
the lighter and heavier masses in juxtaposition simply, with- 
out any bond between them, so that they may settle inde- 
pendently. 

The surface of a wall laid with common mortar, which is 
exposed to the weather, should have the exterior part of the 
joint, to the depth of several lines, filled with hydraulic mor- 
tar. This operation, which is termed pointing, consists in 
scraping out the common mortar to the requisite depth, and 
filling the void with hydraulic mortar. Before the pointing 
is put in, the void should be well cleansed with a dry bru^, 
and afterwards thoroughly moistened. 

To protect soft stones from the action of the weather, and 
the back of terrace walls laid with common mortar from the 
water which filters through the earth, a thin plastering of 
hydraulic mortar is laid over the surface to be thus protected. 
This is termed flash-pointing. The same precautions should 
be used for it as for ordinary pointing. 

The pointing should be done as the work progresses ; and 
the flash-pointing of the back of terrace walls should more- 
over be covered with earth as soon as laid ; in order that the 



80 ELEMENTARY COVR8E OF 

h]rdraulic mortar, of which the pointing is madei may have 
the benefit of the moisture in the recent work and in the 
earth, which will assist its setting, and forming a better 
union with the body of the masonry than would take place 
were the pointing done after the work has dried. 

The mortar used for pointing should be composed of the 
finest pure siUceous pit sand of an angular grainy and of die 
best hydraulic lime and cement in equal parts, or in such 
other proportions as experiments on the ingredients may indi' 
cate. The ingredients should be mixed with great carOi and 
the mortar be used at as hard a temper as it can be conve- 
niently worked with the trowel. The following proportions 
for pointing have been used with complete success in tte 
public works at Fort Adams, 

Sand (in measure,) 3 parts. 

Rosendale Cement, 1.60 <* 

Water, 0.60 « 

Masonry of Arches. Cut stone, and brick, are the only 
proper materials for heavy arches, the strength of which 
mainly depends upon the care bestowed upon the fit and 
bond of the blocks which form the different courses. 

The arches which are in most common use for structures, 
are the simple cylindrical arch, and the groined arch. The 
blocks, (Fig. 20,) which form the courses of an arch are term- 
ed the arch stones, or voussoirs. One series of the joints of 
the voussoirs are perpendicular to the curve of the arch, and 
they are continued the entire length of the arch without inter- 
ruption ; by this arrangement the voussoirs between any two 
of these joints have a uniform thickness throughout. Each 
course of voussoirs between any two of these joints is termed 
a siring course. The other series of joints are in the same 
direction as the curvature of the arch, or perpendicular to the 
joints of the string courses ; but, instead of being continued, 
they are so arranged that the blocks of the string courses shall 
break joints. The voussoirs contained between any two of 
this last series of joints, form what is termed a ring course. 
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By this arrangement of the joints of the string and ring 
courses, if any settHng takes place in the string courses, it 
will be uniform throughout ; whilst the bond between the 
string courses will counteract any tendency towards their 
separation. 

The under sur&ce of the arch (Fig. 20) is termed the 
intmdos or the wffU ; the upper surface is termed the extra- 
dos or the back. The line in which the arch joins its lateral 
sujqwrts, termed piers if they are between two arches, and 
abutments if at the extremity of an arch, is denominated the 
springing' line. 

The thickness of the arch stones between the joints of 
the string courses is generally uniform ; the thicbiess be- 
tween the soffit and back is also usually uniform ; and the 
length between the joints of the ring courses will depend on 
the strength of the stone and its breadth and thickness. 

In laying the arch stones, every precaution must be taken 
to have the planes of the joints perpendicular to the sur&ce 
of the soffit ; not only should the exact angle which the joints 
of the string courses make with either a vertical or a horizon- 
tal line be marked on each stone, but the position of each joint 
should also be marked on the timber centre by which the 
arch stones are supported^ 

The stones should be laid in very thin tempered mortar, to 
produce as close a fit as practicable. The key stone is some- 
times laid dry,andis even, in some cases, driven into its place 
by a wooden maul ; this, however, is objectionable, as it 
mi^t produce an unequal pressure on the surface of the stone, 
and cause either the key stone or those in contact with it to 
crack« 

When all the arch stones are laid, the joints at the back 
should be examined, and if any are found open they should 
be filled with pieces of strong slate firmly driven in, and then 
be grouted. 

The back of the arch is generally closed in by a mass of 
rubble niasoary, termed a capping, (Pig. HO,) which is finish- 

11 
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•d on top with two slopes, incIiiuDg downwards txom the key 
stone, like the roof of a house. As the object of the capping 
is to render the arch water-tqi^t, the rubble stone used sbonU 
consist of small flat fragments, such as slate stone, packed very 
close in hydraulic mortar, and well grouted. The top of the 
capping is finished off with a layer of hydraulic morcar, like 
tl)at used for flash pointing, laid in one uniform bed of an inch 
Of two in thickness. 

The point of junction of the arch tuid its pier, or abatment, 
requires particular attention ; especially, in what are termed 
segment arches, (Fig. 20,) or those formed of an arc of a cir- 
cle less than a semi-circle. The stone cm which the lowest 
voussoir of the segment arch rests is termed an askew back, 
it should form a part of the face of the pier, or abutment, be* 
low the springing line, so that the stone itsetf may not be 
liable to be crushed by the pressure of the arch on it ; which 
would be the case were the joint of the top course of the pier 
at the springing line. The askew ba£k should moreoyer be 
very firmly confieeted with the other stones of the top course 
of the pier to preyent its being thrust back on its bed by the 
pressure of the arch. 

Light brick arches require no other particular care than 
to have the joints of the string courses perpendicular to the 
surface of the soffit. The bricks are usually laid on an end 
on the centre. 

Heavy brick arches over 2 feet in thickness, if the curva- 
ture of the arch is considerable, require great care in the 
arrangement of the bond, in order to procure the greatest 
solidity, by placing the greatest number of bricks in the arch j 
and the greatest strength, by the connection of the different 
courses. 

Were the bricks so laid that the joints between each string 
course were continuous from the soffit to the back of the 
arch, however close the joints might be at the jsoffit, they 
would be very open at the back ; and the strength of the arch 
would therefore depend on that of the mortar in the joints, 
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unless the precaution were taken to fill in the joints with 
fragmenla of slate, closely packed as the successive courses 
of brick are laid from the soffit to the back, an operatioft 
which would present considerable practical difficulty in pre- 
serving; the proper direction of the joints. On the other hand, 
were the bricks laid in successive courses over the soffili or 
as it is termed in shells^ the greatest possible number of brick 
would then be laid in the arch, but as there would be no 
other union between the successive shells than the mortar 
between diem, it is to be apprehended that they might easily 
separate^ should any motion take place in the arch, and the 
whole mass would therefore offer but little comparative resist- 
ance. 

To unite, therefore, the advcmtages of the two methods, the 
mitire arch (Fig, 21) should be divided into several portions, 
by joints running entirely through from the soffit to the back, 
the brick being laid in these successive portions alternately 
in shells, and in blocks with joints running entirely through 
the arch from the soffit to the back. Any bond may be 
adopted for the portions laid in shelli); If the arch is not 
over three feet in thickness, a very solid mass can be obtained 
by dividing the thickness into two equal shells. In the ar- 
rangement here explained, the blocks, in which the joints run 
entirely through, should not consist of more than three or 
four bricks in thickness estimated along the curve of the 
soffit 

The bricks which form the key of the arch require to be 
laid with great care. The first course on the soffit may be 
formed (Pig. 22) of a thickness of three bricks, laid on their 
ends in very thin tempered mortar, and well wedged in, if 
necessary, with pieces of strong slate. The next course 
Aould be formed of five bricks, laid also on an end^ and 
forming continuous joints with those below them. This 
course ean be laid in grout ; for, by dividing the length of 
the course into several compartments, separated- by a single 
row of bricks laid in mortar, the grout may be first poured 
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into these compartments, and the bricks be set in it, and the 
joints be then filled with pieces of slate. The third and fol- 
lowing courses are laid in a similar manner ; increasing the 
thickness of each successive course by two bricks. 

The advantage of partly filling the compartments before>- 
hand with grout, and setting the bricks, and the pieces of 
slate in the joints in it, is obTious. 

If^tience of Secison on Masonry. It may be laid down as 
a maxim in building, that mortar which is exposed to the ac- 
tion of frost before it has set, will be so much damaged as to 
impair entirely its properties. This &ct places in a stronger 
light what has already been laid down, on the necessity of 
laying the foundations and the structure resting on them in 
hydraulic mortar, to a height of at least 3 feet above the 
ground ; for, although the mortar of -the foundations might 
be protected from the action of the frost by the earth around 
them, the parts immediately above would be exposed to it, 
and as those parts attract the moisture from the ground, the 
mortar if of common lime» would not set in tim^ to prevent the 
action of the frosts of winter. 

In heavy walls the mortar in the interior will usually be 
secured from . the action of the frost; and masonry of this 
character may be carried on until freezing weather commen- 
ces. 

During the heals of summer, the mortar is injured by a too 
rapid dessication. To prevent this the stone, or brick, should 
be thoroughly moistened before being laid ; and afterwards, if 
the weather is very hot, the masonry should be kept wet until 
tlie mortar gives indications of setting. The top course 
should always be well moistened by the >vorkmen on quitting 
their work for any short period during very warm weather. 

The effects produced by a high or low temperature on 
mortar in a green state are similar, Jn the one case the free- 
zing of the water prevents a union between the particles of 
the lime and sand ; and in the other the same arises from the 
water being rapidly evaporated. In both cases the morW 
when it has set is very weak and pulverulent. 
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CARPENTRY. 



Carpentry is the art of arranging beams of timber for the 
various purposes to which they are applied in structures. 

The term frame is appKed to any combination of beams 
firmly connected with each other. 

The frame work of a structure may be supported either by 
suspending it from fixed points above it, or by resting it on 
fixed points betow it. In both cases the arrangement must 
be such as to present a state of stable equilibrium. When the 
frame is suspended from fixed points above it, this state of 
equilibrium will exist, whatever may be the degree of flexibi- 
lity of the figure of the frame ; but when the frame is sup- 
ported from beneath, the arrangement of the parts of the 
frame, in order that this state shall exist, must present a figure 
of an invariable form. 

As the frames of structures are generally supported from 
beneath, the first point to be attended to in their arrangement 
is to combine the pieces to obtain a figure presenting an inva- 
riable form. This is ejected by making such a disposition of 
the principal beams of the frame that the pressures, thrown on 
its different points, shall be transmitted in right lines, parallel 
to the fibres of these pieces, directly to the points of support. 
By this disposition the pressure will be thrown directly on the 
fixed points, and will have no tendeijicy to change the figure 
of the frame by an action on those beams which do not im- 
mediately rest on these points. As an arrangement of this 
nature is not always practicable, it will be necessary, in some 
cases, to adopt a disposition in which counteracting pressures 
may come into play ; by placing the beams in such positions 
that a pressure whose line of direction does not pass through 
a fixed point, will be destroyed by an equal one in an oppo- 
site direction. 

The pressure on each beam in the frame, as well as the line 
of its direction, can be determined by the laws of statics; 
and the size of the beam must be so regulated that the effects 
of the pressure shall not impair its elastic force. 
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The points of junction of the beams, which are termed the 
jauUSf must moreover be firmly connected by. proper artificial 
means to prevent any yielding at those points. 

The beams composing the frame work of a structure may 
be either straight or curved. The positions of the straight 
beams may be either horizontal, vertical, or inclined ; and 
they may rest on one or more points of the support As the 
directions of the pressures may be either perpendiculaTi pa- 
rallel, or oblique to the fibres of the beams, it will be necessa- 
ry, in the first place, to determine their numerical values in 
the different cases here assumed. 

The algebraical expressions relative to the flexure and rup- 
ture of beams, for the most simple cases, have already been 
given under the head of the Strength of Materials. The fol- 
lowing expressions will apply to the laws of rupture in the 
cases that most usually occur in frame work. 

When a beam (Fig. 23) is confined at one end, and is sub- 
mitted to a strain, arising from a weight, represented by W, 
at the other, and from a uniform weight, represented by tr, on 
each unit of its length, the relations between the dimensions 
of the beam and the weights are shown in the annexed ex* 
pression, 

^'"~bd* <^) 

in which 6 is the breadth, d the depth, and I the length of the 
beam. 

When a beam is supported at its two ends, and is submitted 
to a similar strain, the weight W being applied at its imd- 
dle point, the relations between the weights and the dimen- 
sions of the beam are as follows, 

„ 6Wl + 3wl' 

^=-W— (B) 

in which the distance between the points of supf)ort is repre • 
sented by I ; and by b and d, the breadth and depth. 

When a beam (Fig. 24) rests on two props, and a weight 
W, is applied at any point between them, the relations are 
expressed by 
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6W(/'-4a«) 

in which a represents the distance between the middle point 
of the beam and the point at which the weight is applied, 
and b, d and I the same as in the preceding cases. 

When a beam, (Fig. 26, ) confined at one end, rests on a 
point of support at the other, and is submitted to a strain 
from a weight applied at the middle point between the sup- 
ports, the relations are expressed by 

^=8WV (^) 

and the prssure on the support under the unconfined end 
will be expressed by 

Aw 

16 

By comparing the two expressions (B) and (D), it will ap- 
pear, tibiat a beam under the oircumstances represented by 
the latter will be stronger than in the former, in the proportion 
of 4 to 3. 

When both ends of a beam are confined; the relations are 
expressed by 

^-g^ ^^^ 

and comparing this in a similar manner with expression (B), 
it appears, that the beam in the latter case will be twice as 
strong as in the former. 

WTien a beam (Fig. 26) rests on three points of support, 
which are at equal distances from each other, and is submit- 
ted to a strain, arising from two unequal weights represent- 
ed by W, and W', one applied at the middle point between 
two of the supports, and the other at the middle point be- 
tween the other two, their relations are expressed by 

9(W + W')/ . 

^ 16-^5^ . . . . (F) 

in which I is the distance between the points of support 

When the two weights are equal, or W = W', the exiwession 
becomes 
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^=8^-- <^) 

au expression which is the same as (D) ; and which shows, 
what might have been infened from the state of the beam, 
that the parts between the props are in the same state as if 
they were confined at the middle prop, and rested on sup- 
ports at the other extremity. 

The pressure on the middle prop in the case t>f the weights 
being unequal will be represented by 



or when W = W by 



S ( W + W), 



22 



which shows that this prop sustains nearly two thirds of the 
total pressure. 

When a beam is laid on four props, at equal distances 
apart, and the weights applied at the middle points of the in- 
tervals are equal, the relations are expressed by, 

^ 21W/ , 

^ = mr^ (H) 

the pressures on the extreme props will be 

^ 7 

— W 

and on the intermediate props 

23 

20 ' 
When a verticfal beam, (Fig. 67,) whose cross section is 
rectangular, is submitted to a strain, arising from a weight 
W, which is applied at a given distance c from the axis of 
the beam, and it is wished that this strain shaH not exceed a 
certain limit, the relations will be expressed by 

W{d+6 c) 
^"—Id^ .... (I) 

in which R' represents a certain number that will produce a 
given extension of the fibres of the beam, beyond which it 
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would not be safe to go ia practice^ The value for R' is 
given in the subject of the strength of materials^ 

When the cross section of the vertical beam is a circle, the 
relations are expressed by 



tW(r+ 4c) 



in which f is the radius of the circle. 

When abeam, (Fig. 28,) in an inclined position, is confined 
hi its lower extremity, and is submitted to a strain^ arising 
from the weight W, placed on its upper extremity, the rela- 
tions are very nearly expressed by 

_ , W{d sin. a + 6 I cos. « ) . . ( L) 

^ = w^ 

in which a is the angle that the beam makes with a vertical 
line and I is the length of the beam. R' in this case is deter- 
mined as in the preceding. 

The most ordinary arrangement of inclined pieces in a 
frame is that in which the lower end rests on a horizontal 
support, (Fig« 29,) along which it is prevented from sliding 
by a jointj or an iron strap ; and the upper end rests against 
a vertical support, the pressure of the beam being applied at 
some intermediate point betweaii the supports. 

By examining a beam in this position, it will be seen, in 
the first place, that the entire pressure, arising from a weight 
W' placed on any point of the beam, will be borne by the 
horizontal support : secondly, that a horizontal pressure will 
be exerted against the vertical support at the upper end of 
the beam> and also against the strap, or joint, at the lower 
end, which pressure will be equal at these points, and be re* 
presented by 

V 

in which a is the angle between the beam and a vertical line ; 
and c, the distance from the point of application of the weight 
to the lower end of the beam. 
The beam may therefore be considered as confined at the 

12 
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point where the weight acts, and acted vpon at its km"^ 
end by the two pressures, 

the one rertical. and the other horiiontal : and at its nppi^f 
end by the horizontal pressure 

. ctaMua 

T" 

The expression ^L) may therefore be apphed <o this 
for the part of the beam between the point of apphcaticm 
the weight and the lower end. by replacing sin^ a in that 
pression, by 



CSS. abv 



and W by 



sim.a{l—j) 



co».a{\-^ ). 



wVl-r— ^— 



a 



For the upper end, situ Oj cos. a. and W. in the same es.- 
pressioUy would be respectively replaced by. 

The value assigned to R will be r^rulated as in the pre- 
ceding cases. 

The foregoing expressions comprehend all the usual cases 
in which straight timber is used in frame work ; and it is 
only necessary to substitute for R and R' their values, as 
given under the head of Strength of Materials, to find the 
weight which a beam of given dimensions will bear under 
any of those circumstances. 

When curved beams are used for sustaining a pressure, the 
frame may consist simply of a straight beam bent to a proper 
curvature^ and kept in this state, by being confined between 
two supports at its two ends ; or else the firame may be form' 
ad of a series of curved beams. 

In the first case, where a bent beam, (Fig. 30,) is confined 
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beftween two supports, the expression for the greatest weight 
JF, which, laid on the crown oflhe curve, can -be borne by 
the beam, is nearly 

W = — ^r-^ V—. . . . iM) 

in which E is the co-«fficient of elasticity, as determined in 
the tables on the Strength of Materials, / the entire length of 
the beam, and c the distance between the points of support. 
The horizontal pressure on the points of support, occasion- 
ed by the weight W, is 

3 W«c' 
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Curved frames, or wooden arches^ are usually formed of 
several thicknesses of beams laid on each other. The beams 
rfeach thickness, or course^ abut€nd to end, and break joints 
with those above and below them ; and the whole are firmly 
connected by iron hoops and bolts. In some cases, instead 
of a solid beam, formed in this way, the arch is constructed 
of two curved portions, parallel to each other, with an inter- 
ral between them. Each of these curved portions consists 
of several thicknesses of beams, arranged as has just been ex- 
plained ; and the two portions are firmly connected with 
each other by means of upright and diagonal straight pieces, 
which prevent any flexure in the one without a correspond- 
ing flexure in the other. 

A beam which is formed by uniting several thicknesses of 
beams is termed a huilt beam. The resistance both to flex- 
ure and rupture in built beams will depend on the manner in 
which the several courses of the built beam are arranged, n 

If the built beam, (Fig. 31,) is formed of several courses, 
each course consisting of a single beam of equal length and 
thickness, the beams of each course being simply laid on each 
ether, and confined closely by hoops and bolts, the expres- 
sions for the resistance to rupture and flexure, in all the 
cases which relate to straight beams submitted to a cross 
strain; will be given by simply writing nftd% instead ofbd^^ 



. si 
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in the expressions (1), (2), and (3), tinder the head of Strength 
of Materials ; and nbd* fotbd^, in all the other expressions un- 
der the same head, and in the preceding expressions (A), 
(B), &c. : n representing the number of conrses^ 

If the courses of ttie built beam (Fig. 32) are of equal thicks 
ness^ but formed of several pieces breaking joints, then, instead 
of nbd ^ , nbd ^ , there must be written in the expressions referred 
to (n— 1) bd\ and (n — 1) bd^ ; in which n rqpreseots ss be- 
fore the number of courses. 

A built beam of a more solid form (Pig. 33) can be made, 
by making slight rectangular notches into the top and hot- 
tom of the beams of each course, these notches being arranged 
jto lie opposite e^ch other^ in order that a block of hiard wood, 
termed a ket/j may be fitted into them, to prevent the diflferent 
courses from slipping on each other when b^it ; or, in place 
of this arrangement^ the beams of each course may be fornix 
ed with*indents (Fig. 34) to fit each other, which will, in the 
same way, counteract any tendency to slipping. A boiU 
beam of this construction, when firmly put together with iron 
hoops and screw bolts, will be nearly as strong as a solid 
beam ; and the expressions for solid beams may be used in 
estimating its resistance to flexure, or rupture from a cross 
strain. 

When a built beam (Fig. 35) is formed of two others^ iriuch 
are firmly connected by upright and diagonal pieces, the ex- 
pressions before referred to may still be used, by placing 
Id'^—d"^) instead of d^, in the expressions of the flex- 

ure ; and — — — in those relating to rupture ; the letter 

d' in this case represents the entire depth of the built beam ; 
^d d" the distance between the top and bottom beams. 

In forming a wooden arch, it is very important that the 
curvature of the arch should be of such a figure as to present 
a stable equilibrium ; and when such a relation exists be- 
tween the figure of the arch and the pressure whi/ch it bears^ 
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that there will 'be no tendency to a change of form, or that 
the arch throughout will be simply in a state of extension or 
compression ; the figure, or curve of the arch, is termed a 
cun>e €f equilUfrium* 

As the curve of equilibrium depends on the action of the 
pressure borne by the arch, it will present a different figure 
for each case. The one which answers to the most usual 
pcactieal cases is th^ common parabola, which is the curve of 
equilibrium for a pressure that acts vertically, the partial pres-* 
sure on any portion of the curve between vertical lines at 
equal distances apart, being equaU 

The term spcm (Fig. 36) is applied to the hori^ntal dis- 
tance between the two extremities of an arch, and the term 
rise to the vertical distance from the crown of the arch to the 
horizontal line joining its extreme points. If in the para- 
bolic arch the following notation be adopted '. 

20»span; 

r =» rise ; 

jTs the abscissa of the curve, reckoned from the crown ; 

y ^ the ordinate corresponding to any abscissa x ; 

w == the weight on any portion of the arch, corresponding 
to a unit of length, reckoned along the hori^^ntal line of the 

span; 
P »= the total vertical pressure on each point of support of 

the arch ; 

Q = the horizontal pressure at each of the same points ; 

T =» the pressure at any point of the arch in the direction 
of the curve at that point ; 

Then the following, expr^sions will establish the relations 
between the lines of the parabola and the different pressures 
^aboye referred to. 

y = ^=*^ (') 

P = t(»iOpdQ, = ^«?. . . . (2.) 
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2r ^ ^ f* 

The expression (1) gives the form of the curve ; the ex- 
pressions (2) give the horizontal and vertical pressures at the 
extreme points ; and (3) the pressure in the direction of the 
curve at any point on the arch corresponding to the abscis- 
sa X. 

In order to apply these expressions to practical purposes, 
the points of stipport of the arch must be sufficiently firm to 
resist the pressures calculated from the expressions (2); and 
as the pressure on any cross section of the arch may be con- 
sidered as uniformly distributed over the area of the section, 
if this area be represented by A, the pressure on a unit of sur- 
Ikce will be shown by 

T 

A' 
and in order that this pressure shall not exceed a certain 
limit represented by R', which limit has been laid down 
under the head of Strength of Materials, there must exist the 
relation expressed by 

T 
A 

If, as is usually the case, the section of the arch is a rec- 
tangle, of which b is the breadth, and rfthe depth, the expres- 
sion (4) becomes, by substituting for T and A, their values, 

^-2^Vi + ^r-. • • (&•) 

which expresses the relations between the pressure and the 
cross section of the arch at any point corresponding to the 
abscissa x. 

The foregoing is the most simple case of an arch used for 
a frame. When, besides the uniform pressure, whose action 
has just been explained, a parabolic arch is submitted to a 
pressure arising from a weight attached to anypointof it, the 
foregoing relations become modified, and are represented as 
follows. 
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Adopting the preceding notation, and supposing (Fig. 36) 
a weight W to be suspended from any point N of the arch, 
at a distance from the crown C, represented by c, on the ho* 
rizontal line of the span, then 

y = ^(2cx + x') , . . . (6.) 

wiQ give Che relations between the ordinatcs and abscissas for 
the part of the curve N M, estimating the abscissa on the ho^ 
rizontal^line through N j 

F = xw.i±f. 

5 

will represent the vertical pressure on the point of support M ; 

s 

that on the point M' ; 



64 s^r 

the horizontal pressure on each of the same points duo to 
W, and 

ws^ W 2r (s + c){c + x) 6W 65' -^65^c^ +ig< 
2r ■*" 2 ' 53 "^ 64 * t*r '^^^ 

will be the value of the pressure in the direction of the 
curve at any point between N and M, corresponding to any 
abscissa x, reckoned from the point N, along the horizontal 
line drawn through this point. 

The effect of the pressure in the direction of the curve, re* 
presented by T, which is due to the two weights w and W, is 
to produce a certain compression of the fibres, which compres- 
sion on a unit of surface of the cross section of the arch will 
be found, by dividing T by the area A of the cross section 
multiplied by the co-efficient of elasticity E, or expressed 
algebraically 

T 
EA- («^ 

But besides this compression, which is due to that portion 
of the pressure acting in the direction of the curve, there is 
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another, which arises from the action of the weight W, whose 
tendency is to change the figure of the curve, by cetasing ic 
to bend. To obtain therefore the expression for the total 
compression, the value of this last must be added to that repie-^ 
sented by the expression (8). But as this value of the com- 
pression varies with the position of the weight W, that posi- 
tion of the weight must be found which will give the greatesi 
value for this variable compression^ and this greatest value 
must be added to that given by expression (8). 

From an investigation of the dilferent Values here spoken 
of, it appears^ that the greatest value of the compression nf ill 
be when the we^ht is placed at a point on the crown which 
is rather less than two fifths of the semi-span, or |^, reckoned 
on the horizontal line of the span, from its middle point. 
The expression for the compression in this case is very 
nearly expressed by 

^■531* g^, • (dJ 

when the cross section of the beam is a rectangle, of which 
b is the breadth, and d tlie depth, E representing the co-eft 
cient of elasticity. 

The total value of the greatest compression, when the cros» 
section of the beam is a rectangle^ wiH therefore be given by 
the expression 

In order to express the relation between (he weights applied^ 
and the dimensions of the arch, so that this compression shaR 
not exceed a given limit, represented by 

the following expression obtains, 

h m +''''''&' ■ ■ ■ -^''^ 

in which R' is the limit of the weight which in practice can 
be borne with safety on a unit of surface ajs laid down under 
the head of Strength of Materials. 
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built beams, and the other letters represent the quantities as 
already explained. 

In estimatij^g the value of T in expression (11), tlie 
quantity c must be replaced by f * ; and the quantity jr, by 

2 . F5* 



a^ = — t:+^ 



bs^ 2'ar' 

as the point of maximum pressure on the curve corresponds 
to this value of the abscissa x : in substituting for the values 
of P', and Gl', in this value of Xj the quantity c must be re- 
placed by f *. 

It is easy to gather, from what has been said on the manner 
of estimating the strength of built beams, the modifications the 
expression (11) must undergo in each of the cases referred to. 
If, for example, the arch was formed of two built beams, con- 
nected by uprights and diagonal pieces, each of the built 
beams being formed of several courses connected either by 
indents or keys, the expression would become, 

^, T ^,„, d'W 

R= 71777- + 0,5315 



bd'" ' ' b{d''—d"*y 

in which d'" is the sum of the depths of the upper and lower. 

It can be shown that, when the weight is applied at the 
points just indicated, the beam is more strongly solicited to 
bend them when the weight is applied at the crown in the 
proportion nearly of 9 to 5. 

The expressions given for the strength of straight pieces 
suppose that the value of the pressure in each particular in- 
stance is known ; but in a frame, which usually consists of 
several pieces placed in horizontal, vertical, and inclined po- 
sitions, it will be necessary to ascertain, in the first place, 
from the laws of statics, the direction of the pressure on each 
of those pieces, and its magnitude, before those expressions can 
be applied to the several cases which may occur in practice. 

The following applications present some of the most sim- 
ple cases of frames ; and they will serve to point out the 
course to be followed in more complicated structures. 

The expressions in this subject, from (A) to (I), show the 
manner of estimating the pressure, arising from a weight 

13 
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on a horizontal beam, supported beneath, in the most usual 
cases that occur in practice. 

If a weight W, is suspended from the angular point 
(Pig. 37) of two inclined pieces, AC and BC, which rest, 
against each other at that point, and are confined at their lower 
ends, the pressure in the direction of the pieces AC and BC 
wilJ respectively be represented by 

W ^;^. and W-^— , (A') 

in which p and q represent respectively the angles made by 
the pieces with the vertical line through C. 

The tendency of the weight W will be to press the pieces 
together at top, and to thrust them out at the lower ends; this 
tendency, or the horizontal pressure, will be represented by 

_- sin. p sin. q 
sin. (w-^-qy 

To apply the expressions (A'), it may be observed, that each 
of the pieces is simply pressed in the direction of its length 
by a force represented by (A') ; consequently, by substituting 
these expressions instead of W in the expression (7), under 
the head Strength of Materials, the value of the least weight 
for beams, of given dimensions, of the form there considered 
will be obtained. 

If a weight W is suspended from the middle point (Fig. 38) 

of a horizontal beam, resting on two inclined supports AB 

and A'B', it is necessary, in the first place, that the angles 

between the inclined pieces and a vertical line should both 

be equal, in order that the figure of the frame may be in a 

state of stable equilibrium. If this angle be represented by p, 

the expression of the pressure on each of the inclined pieces 

will be represented by 

W 
o (BO 

and the force with which the lower ends tend to stretch out 
horizontally will be represented by 

W 
fltan.p * 
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With respect to the horizontal piece BB', each half of it 
may be considered in the same state, as if the point C were 
confined, and a force equal to the expression (B'), acting in 
the direction AB, or A'B', were applied at either of the ends. 
The expression (L) will therefore be applied in this case, by 
substituting in this expression, 
J for the COS. a ; i tan. p for sin. a ; and | W cos. a for W. 

When a horizontal piece BC, (Fig. 39,) attached to a fixed 
point B, and supported beneath by an inclined piece AD^ 
termed a strut, which rests on the fixed point A, has a weight 
W suspended froin the point C, the following expressions 
will give the magnitude of the forces which act on the two 
pieces of which the frame is formed : Denote by / the dis* 
tance BD, by I that DC, and by p the angle that the strut 
makes with the vertical line. 

Supposing the frame free to turn about the points A and 
B, it will readily appear that the tendency of the weight, at 
the point C, is to produce an upward vertical pressure at the 
point B, which will be represented by 

the point D therefore will have to bear a pressure equal to 
this added to the weight W, or 

V 

As the pressure on the point D is borne by the strut AD, the 
total pressure in the direction of the strut will be represented 

by 

wi±^. .... (C) 
Icos.p 

at the same time there will arise from this pressure at D, a ten- 
sion on the part BD, represented by 

In order, then, that the parts BC, and AD may be sufficiently 
strong, AD must resist the pressure represented by (C) ; and 



..^kcCrtN 
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the part BC an effort which is due in part to the tension on 
BD, represented by (D), and to the action of the weight W on 
the part DC, which action tends to bend the part DC. The 
following expression will then give the limit of the effort on 
a superficial unit of the cross section of DC, when the section 
is rectangular, 

in which R' represents the number given under the head of 
Strength of Materials, d the depth, and b the breadth of the 
beam' 

When a horizontal piece BC (Fig. 40) rests upon an upright 
piece AB firmly confined at the point A, and is supported by 
a strut DE, and has a weight W suspended firom C, the state 
of the pieces BC and DE, will be the same as in the last case. 
The upright from E to A, will evidently be compressed by 
the entire weight W, whilst the part BE will suffer an exten- 
sion, which will be represented by 

r 

the same notation being adopted as in the last case. 

The part EA is therefore in a slate of compression, arising 
from the weight W, acting at a distance l + l' from the axis, 
the limit of its resistance on a unit of surface when the beam 
is rectangular will be, from what was shown in the expres- 
sion (I), 

W 

and the same limit for the part BE, which is extended by the 
force W y, acting at the same distance, will be, 

R'~ {^ + 6(1 + 1')) (G') 

Let there be a frame (Fig. 41) the same as in the last case, 
in which the upright, instead of being firmly fixed at its low- 
er extremity A', is prevented from yielding by either of the 
struts AF, making an angle with the upright denoted hyp. 
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The whole of the frame above the point A will be in the 
same state as in the last case. The state of the part below 
the point A will depend on the position of the foot F, of the 
strut. 

If the Une of direction of the weight falls within the fi)ot, 
then the tendency of the weight will be to turn the whole 
frame around the point A', and in order that this motion may 
not lake place, the strut AF must after a resistance in the 
direction FA, which is represented by 

W^4^ (F) 

cstn.p 

in which c denotes the distance AA', and the other letters the 
same as in the last case. This resistance, in the direction 

14-1' 

FA, isequivalent to a horizontal force represented by W --!— , 

c 

and to a vertical force acting upwards from A, which will be 
represented by 

W-5^, (G) 

c tan. p 

The strut therefore will be compressed by a force repre- 
sented by the expression (F) ; whilst the part AA', will be 
compressed by a force represented by the whole weight dimi- 
nished by that represented in the expression (G'J, or by 

W(l ttL\ .... (H') 

When the line of direction of the weight falls without the 
foot of the stmt, the tendency of the weight will be to turn 
the frame around the point F. The strut, in this case, will 
be compressed by a force represented by the expression (F') ; 
but the part AA' of the upright will be extended by a vertical 
force represented by 

,W(^-1) (I') 

^ctan.p ^ 

and in order then that the frame may not be overturned, the 
point A' of the upright must be firmly fixed. 
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The frame represented m (Fig. 42) consists of a horizontal 
beam, the extremities of which rest on the two points of sup- 
port B, B', this beam being supported below by two struts 
which abut against the fixed points A, and A'. 

A weight W, suspended from C, will throw a pressure on 
the four points of support ; and the action of this weight on 
the frame will cause the horizontal beam to bend, and a com- 
pression in the direction of the struts. To ascertain the 
practical limits in this case the frame may be considered under 
two points of view. First as composed of the horizontal beam 
alone without struts ; and second as composed of the two struts 
and the horizontal portion DD' alone. As each of these parts 
taken alone is less strong than the whole frame, it is clear 
that if their dimensions are so regulated as to bear the entire 
weight W, for a stronger reason will the two united be suffi- 
cient for the same purpose. To estimate the dimensions of the 
horizontal beam BB', the expression (5), under the head of 
Strength of Materials, must be used. As to the part ADD' A', 
it is evidently in the same state as the frame, (Fig. 38,) and 
the same expressions found in that case are also applicable to 
this. 

When a frame of the form (Fig. 43), consisting of a hori- 
zontal beam BB', resting on two uprights, which are solidly 
fixed at the points A, and A', and supported from beneath by 
two struts DE, and D'E', is submitted to the action of a 
weight W suspended from the middle point C, the same rea- 
soning may be applied as in the last case. 

In order that the parts ABB' A' may be sufficiently strong, 
the dimensions of the horizontal beam must be estimated to 
support the eflFort of W suspended at C ; and each of the 
uprights must be strong enough to bear a vertical effort re- 
presented by iW, With respect to the part AEDD'E'A', the 
struts, in the first case, must be strong enough to bear the pres- 
sure in the direction of their length, represented' by 

W 
2 COS. p * 



CIVIL ENGINEERING. 103 

and this pressure in the direction of the strut will b* equiva- 
lent to a vertical eflfort represented by ^ W, and to a horizontal 
effort ^W tan, p, both applied at the point E of the upright 
The vertical effort is transmitted to the point A, compress- 
ing the part EA of the upright. The horizmital etbri is 
equivalent to two others one applied at the fixed point A, 
which is destroyed by the resistance of that point ; and th« 
other applied at the point B, which is represented by 

Wctan.p 

2{c + c) ^"^^ 

in which c and c' are respectively the distances AE, and EB. 
The action of this effort (K') is, in the first |^ce, to pro- 
duce a corresponding extension on the part BD of the ho- 
rizontal beam ; and, in the second place, to cause the upright 
to yield at the point E by bending. 'Hie upright may there- 
fore be considered as fixed at the point E, and submitted to a 
vertical effort at the point A equal to f W, and to a horizontal 
effort at B equal to the expression (K). These two eflbrts 
will produce a strain on the upright, the limit of which, when 
the beams is rectangular, will be expressed by 

^~2W^(^+ c + c > ' ' ' ^^^ 
and will serve to r^;ulate the relations between its dimensions 
and the weight W. 

In the amingement of every system of frame work, as one 
of the main objects is to procure a figure of an invariable 
form, such a disposition of the parts must be made, that any 
pressure on one part, which may have a tendency to produce 
a change of figure, shall be counteracted by some other part. 
The simplest manner of producing this effect is to combinethe 
parts of the frame to form a series of triangular figures ; for the 
reason, that no change can take place in these figures without 
die pieces forming their sides becoming shorter or longer by a 
force odier of compression, or of extension. If therefore 
any cf the main pkces of a frame intersect each other, form- 
ing qaadrHalenl Sgaies, it will be necessary to introduce 
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Other pieces placed in the direction of the diagonals of the 
quadrilaterals, for the purpose of counteracting any tendency 
to a change of form in these figures. An arrangement of 
this character, generally termed dtagonal bracings is used 
for all frame work requiring great strength and stiffness. 

The pieces in a system which resist a compressing force 
are usually termed struts ; those that counteract a force 
of extension are termed ties ; and those which are used to 
add stiffness to the frame, by preventing any tendency to 
flexure in the other parts, are termed braces. 

It is important that the different pieces of a frame should 
be as little gr^in cut as possible, that is, cut in a direction 
oblique to the natural fibres, otherwise their strength would be 
greatly impaired. Beams, the cross sections of which are the 
same throughout, and of a rectangular form, are, on this 
account, mostly used for frames. In some cases of resistance 
to a cross strain, it might be preferable to use a beam whose 
longitudinal section should be of the form of a solid of equal 
resistance ; but as these solids present less resistance to flexure 
than rectangular beams having a uniform depth, equal to the 
greatest depth of the solid of equal resistance, and as stifihess 
is, in almost every practical case, of as much importance as 
ultimate strength, the rectangular beam of uniform depth is 
to be preferred. 

Joints. The bearing surface of the joints should be as 
great as the nature of the case will permit, in order to pre- 
vent the joint from being crippled, either by the indentation, 
or crushing of the fibres of the parts in contact. The bear- 
ing surfaces of the joints should, moreover, be perpendicular 
to the directions of the pressure on them, to prevent any ten- 
dency to sliding on either of the surfaces. 

In arranging the joints, the simplest forms that are most 
suitable to the object in view should be adopted, in order that 
there may be the least inconvenience in obtaining an accu- 
rate fit of the parts. The parts should not, in all cases, fit 
close ; but allowance should be made for the settling, arising 
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from the shrinkiiig of the fibres, and the new direction qf the 
pressures which may arise from this cause. If this allowance 
were not made, the pieces would frequently be liable to split 
8Hid give way at the joints. In cases of this character i» 
heavy frame work, it is recommended to make the surfaces of 
the joints circular, as the surfaces would then continue in 
eontact should any change take place in the position of the 
pieces from settlii^, or any other cause. 

Built beams. To procure as great strength as the nature 
of the case will admit of, the different courses of a built beam 
must be connected in such a way that they will not slide on 
each other when submitted to a cross strain. This may be 
effected either by placing pieces of hard wood in notches^ 
eut in the beams, as represented in Fig. 33 ; or else by in- 
denting the beams &s represented in Fig. 34. The courses 
aore then firmly connected by screw bolts, or by iron hoops, 
or else by a stirrup formed as in Fig. 44, whieh will admit 
ef being tightened if the stirrup works loose from the shrink- 
ing of the fibres^ or from any other cause. 

The keys of hard wood may be either simple blocks of a 
lectangular form, or else double wedges, (Fig. 45,) which will 
admit of being driven in the notch for the purpose of bringing' 
Ae surfaces inclose contact. This, however, requires care 
ki practice", as the wedges^ if driven in with fbrce^ might crip* 
pie the fibres. 

The position of the indents should be regulated to prevent 
•he courses from sliding. It has been recommended in built 
keams formed of two courses, to make the upper course (Fig. 
46) of two separate pieces, abutting against an iron bolty 
termed a king boltj as experiment has shown that a beam 
sawed across at top, to a depth nearly one third of the entire 
depth, having a piece of hard wood inserted into the cut of 
Ae saw, offered more resistance to a cross strain than a whole 
kam. 

The morer perfect the contact between the courses, the strong^ 
tr wilt be the beam^ ; but, as the joints between the courses can^ 

U 
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never be made so elose as to exclude water, k will be best, ia 
cases where the built beam is exposed to the weather, to use 
keys iostead of indents, and to leave sufficient space between 
each course for the circulation of the air, in order that mois- 
ture may not be retained long enough in the joint to cause 

the rot. 

Scarf joints. When it is necess«y ta unite two beams al 
their ends, the simplest and strongest method consists in pla- 
cing the two pieces end to end, and confining them in this po- 
sition by two or four pieces (Fig. 47) bolted on two or foui 
of the sides, as the case may require. This method is termed 
fishing a beam ; it is used only for rough heavy work. The 
side pieces may be simply confined by screw bolts ; or else 
they may be connected with the main pieces by keys, or in- 
dents, (Fig. 48.) 

When the beam is required to be of the same thickness 
throughout, a joint, termed a scarf is used in place of fishing.^ 
The form of the scarf will depend on the nature of the strains 
to which the beam is to be submitted. If this is simply a 
force of compression, or one of extension parallel to the fibres, 
the form (Fig. 49) is the most suitable ; the joint being con- 
fined by an iron plate and screw bolts placed on two or four 
sides, as the case may demand. These plates are usually 
straps of wrought iron of sufficient dimensions to resist the 
strain to which they are submitted. Iron hoops, arranged 
with screws, would be, in many cases^ a better arrangement 
than plates ; as it is obvious that the best arrangement would 
be a hollow tube of iron within which the two ends could 
be closely confined, and the hoops might be combined to pre- 
sent nearly as much resistance as a tube. 

When the beam is submitted simply to a cross strain, the 
scarf (Fig- 50) will be a very suitable form, as the fibres are 
compressed at top, and extended at the bottom. The joint 
is secured at bottom either by an iron plate, or by a piece of 
wood confined with keys and bolts. 

When the beam is submitted both to a cross strain and to 
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a Strain in the direction of the fibres, tending to pull the parts 
asunder, the form (Fig. 51) is the most suitable. As the fibres 
on a part of the surface of the joint will be compressed, and the 
rest extended, the depth of the indent, both at top and bottom, 
fihould be equal to two thirds the depth of the beams ; the 
compressed parts in contact, as well as the parts extended^ 
being one third the whole depth. As the tendency of the 
compression would be to detach those parts on which it acts, 
hy causing the fibres to separate by sliding, the length of the 
parts along which this disunion might take place should be suf- 
ficient to resist the strain on the compressed parts. This length 
should be about twice the depth of the beam for oak, and 
about six times the depth for pine, when the joint is confined 
by bolts and an iron plate at bottom. If iron hoops are used, 
these dimensions should be doubled. 

Mortise and tenon joint This joint is used to connect 
two beams when the end of one rests upon the other either 
perpendicularly or obliquely. 

In the first case (Fig. 52) a hole, termed a morfise, is cut 
into the side of one beam, and the end of the other is shaped 
to fit closdy into it, by what is termed a tenon. The tenon is 
confined in the mortise by a wooden pin driven into an auger 
hole made through the sides of the mortise and tenon. It is 
a common practice among workmen to make the hole in the 
tenon nearer to the surface than that through the mortise, for 
the purpose of making a close joint. This method is very 
pernicious, for it produces a great strain on the pin, and on 
the side of the tenon hole, which might cause one or the 
other to give way, if an additional strain were to take place, 
arising from any motion of the two beams. Close joints are 
desirable, as producing an accurate fit, and bringing the bear- 
ing surfaces in juxtaposition, and when this is attained, the pin 
should only serve to keep the parts in theirplaces. 

In the second case a notch (Fig. 53) is cut out of the side 
of one beam, the surfaces of which should be perpendicular 
to each other, as they are thehearinsf surfaces for the end of the 
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Other beam* A mortise is cut in the beam on the longest side 
ci the notch. The other beam is shaped to fit the notch and 
the mortise. The joint is secured, as in the last case, by 
A wooden pin, or if greater security is requisite, a screw bolt 
or iron strap may be used in the place of it. 

Double tenon and mortise joints are very frequently used, 
but they present no superiority over the simple joint, luad are 
ci more difficult workmanship^ 

Dove tail joint. When the extremity of a horizontal beam 
rests on another, this joint is sometimes used to connect the 
jtwo ; a notch of a trapezoidal form (Fig. 54) being cut into 
the lower beam to receive the extremity of the upper, whicfa 
is shaped to fit it. The joint is secured by a wooden pin. 
This form of joint is very weak, and soon works loose firom 
the shrinking of the fibres. In all cases of this kind, when* 
«yer it is practicable, it will be best to cut a notch in each 
beam of a rectangular form, and to give an overlength to the 
top beam. 

In heavy frame work the strain on the joints is very great, 
and every precaution should therefore be taken to prevent the 
surfaces in contact from being crippled, as well as any dis* 
placement of the pieces. This can only be effected by making 
the bearing surfaces as great as possible, and by securing the 
pieces by a judicious arrangement of the bolts and straps. 
In addition to these, it has been proposed to insert pieces of 
lead, or iron, between the bearing surfaces, to prevent the crip* 
pling of the fibres. 

In the preceding remarks it was observed, that the best ar- 
rangement for securing the joint between two pieces abutting 
end to end, would be to enclose the ends in contact within 
an iron tube ; but as it would be very difficult practically to 
procure a close fit of this tube and the pieces, the conse- 
qnence would be that the strain would principally be felt 
near the ends of the tube. This view of the subject has led 
to the following arrangements for such cases. Two cast iron 
plates are accurately fitted to the sides of the beam, and are 
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connected at top and bottom by two cross pieces, which are 
screwed to the plates, or confined to them by nuts as in the or- 
dinary cases of screw bolts. As the strain on the plates, arising 
from that thrown on the cross pieces, or supports, would 
only be in certain directions, they need not be of one solid 
piece but formed as in the following figures. 

If a piece is to be joined to another close to a wall, the ar- 
rangement (Fig 66) will be a very suitable form to counter- 
act the effect of a weight acting at the end of the beam. 

If two beams are to be joined in the middle, the arrange- 
ment (Fig. 66) will be a suitable form to counteract a cross 
fltrain. 

It should be observed, that the cross pieces on which the 
strain is thrown should fit closely the top and bottom of the 
beam, and be moreover of sufficient breadth to prevent the 
fibres of the beam from being crippled by this strain. 

ROADS. 

The general series of operations preliminary to establish- 
ing a line of internal communication, whether it be a road, a 
canal, or a rail-road, is the same in all cases, and consists, in 
the first place, of a reconnaissance, or examination of the 
country between the two points to be connected by the line, 
for the purpose of ascertaining the most favorable direction 
pointed out by the natural features of the country ; and in the 
second place, of an accurate survey of the various lines 
which have been fixed upon by the reconnaissance, in order 
to compare their relative advantages. 

Reconnaissance. In taking into view any considerable 
extent of country, two remarkable features immediately pre- 
sent themselves, which are the valleys of the water courses, 
and the high grounds by which these valleys are separated. 
Each of these features would seem, at first sight, to present 
an endless variety of forms, and combinations ; but, upon 
more careful inspection, it will be found, that the more consi- 
derable valleys are the main channels, or drains, forothersof 
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a secondary character, whilst these, in their turn, perform the 
same functions for others of a still smaller class, and so 
on, in the descending' order of progression, from those 
immense basins which receive the waters of the largest 
rivers, to the scarcely distinguishable furrows of the most 
trifling rills. A similar order of progression will be found 
to hold with respect to the high grounds, in descending, by 
successive degrees, firom those lofty chains which separate 
valleys of the first order, to the spurs which, proceeding from 
their sides, divide the secondary valleys, and throw out, in 
their turn, others of an inferior order which separate the tri- 
butaries of the secondary valleys, and are themselves the main 
stems of a still inferior order. 

Two remarkable classes of lines present themselves in con- 
nection with these natural features ; they are the water 
courses, which form the lowest lines of the valleys ; and the 
dividing ridges, which are the highest lines of the main 
chains and spurs ; and each of these classes possess the 
remarkable properties of being lines of greatest declivity of 
the surfaces to which they belong. 

From this glance at the general configuration of any por- 
tion of the earth's surface, it will readily appear, that lines of 
communication admit of a division into two classes : 1. Those 
which connect two points of the same valley: 2. Those which 
connect two points separated by a dividing ridge. And as 
one of the principal conditions which every line of commu- 
nication should satisfy, is to connect the two points by the 
shortest practicable route, it will also readily appear, from 
what has been said, that this condition wiJl be satisfied for 
the first class of communications by following a direct line 
between the two points, since the level between the two does 
not admit of reduction ; whereas in the second class the line 
must not only be as direct as practicable, between the two 
points, but must also pass the dividing ridge at the lowest 
level between them, in order to effect all possible reduction in 
the height between the two points and that in which the line 
crosses the ridge. 
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It is. therefore a subject of importance to be able, by a sim- 
ple reconnaissance, to ascertain the lowest point of a dividing 
ridge between any two points, since it will abridge the labor 
of the succeeding operations. 

In the common maps of every portion of a country it will 
be found, that the water courses are usually laid down with 
suflicient accuracy to show the direction in which the valleys 
lie ; that of the rising grounds by which they are separated ; 
and even the approximate position of the ridges. With these 
approximate data the engineer is furnished with a guide to 
direct him to the points which present the greatest probability 
of a favorable result. For there exists a necessary co-relation 
between the water courses and ridges, as the lines of greatest 
declivity of the surfaces to which they belong, from which 
the highest and lowest points of those surfaces can be readily 
determined. A few familiar illustrations will serve to place 
this in a clear point of view, without entering into the strictly 
mathematical reasoning upon which it rests. 

From the physical facts of water always seeking what is com- 
monly termed its lowest level, and that by the shortest line, or 
the line of greatest declivity of the surface along which it flows, 
it follows, that the water courses mark out the lowest points 
of the valleys, and are also their lowest lines of greatest decli- 
vity. If then, on a map of any portion of a country it be 
found that the water courses all diverge from, or converge 
towards one point, it will indicate, without farther examina- 
tion, that this point is in the first supposition the highest, and, 
in the second, the lowest point of that portion of country. 

If two water courses flow in opposite directions from a 
point, it will indicate that this is the lowest point of the ridge 
of the rising ground by which their vallejrs are separated ; 
for, from what has just been laid down, the ridge must evi- 
dently decline on both sides to this point. 

If two water courses flow in the same direction and paral- 
lel to each other, it will simply indicate a general inclination 
of the ridge between them, in the same direction as that of 
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the water courses. The ridge, however, may present in its 
course elevations and depressions, which will be indicated by 
the points in which the water courses of the secondary val- 
leys, on each side of it, intersect each other on it ; and these 
will be the lowest points at which lines of eommunieation^ 
through the secondary vallejrs,. connecting the main watef 
courses, would cross the dividing ridge. 

If two water courses flow in the same direction, and paral- 
lel to each other, and then at a certain point assiune irreu 
gent directions^ it will indicate that this is the lowest point of 
the ridge between them. 

If two water courses flow in parallel but opposite directions,- 
there is nothing to indicate the direction of tile inclination of 
the ridge between them, if any exists ; but the meeting of the 
water courses of the secondary valleys aa the ridge, or an 
approach towards each other, at any point, of the two princi' 
pal water courses^ will indicate the points of depression in the^ 
ridge. 

Survey, The surveys which succeed the reconnaissance 
consist of several trial lines, between the points, fixed upon m 
the reconnaissance, whieh are generally run with the ehain andl 
compass, and are then levelled with the spirit tevel, throughout 
their entire extent; for the purpose of determining the undu-^ 
lations of the ground along the lines. Besides the longitudi- 
nal levels, a series of cross levels are made, at equal distances 
apart, perpendicular to the directions of the tri^I lines, ia 
order to show the inclination of the ground, on each side of 
the trial lines, for a width greater than that which the line of 
communication will probably occupy. 

Map and Menvoir, Aftter these surveys are made with air 
desirable accuracy, a map, exhibiting the topographical fea?- 
tures of the ground, and the profiles in the direction of the 
different levels, is carefully drawn up from the notes taken on 
the ground. As there are many other points, upon which 
accurate information is desirable in such cases, that cannot 
be shown on the map, it should be accompanied* by a descrip- 
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tire memoir, in which should be set forth the character of 
the natural features of the country along the lines which are 
deemed favorable or otherwise to the construction of the road, 
as the nature of the soil, that of the water courses, &c. <fec. 

Survey of a Common Road. In laying out a common 
road, the engineer is less restricted in the direction of his line 
than in any other kind of communication, owing to the cha- 
racter of the conveyance used upon it ; nevertheless he should 
confine himself, as far as economy of expenditure will per- 
mit, to the most direct line between the two points, and the 
one which offers the least height to be overcome. The obsta- 
cles with which he will meet to prevent this are hills, valleys, 
marshes, and water courses. 

• When a hill intervenes between the two points to be con- 
nected, the principal object to be attended to, is to give the 
road such a slope that, in the descent with the usual speed, 
there shall be no danger to the carriages from the accelerating 
force of gravity in the direction of the road ; and this will 
be accomplished by not making the slope greater than what 
is termed the angle of friction for the particular kind of a 
road covering used, whether it be a pavement, a broken stone 
surface, or a gravel road. For when the slope of the road is 
equal to the angle of friction, the friction of the carriage 
wheels will be in equilibrium with the component of the force 
of gravity in the direction of the road, and this component 
will, therefore, have no tendency to increase the velocity of 
the carriage, which it would do were it greater than the force 
of friction, as the difference between the two forces would 
then act as an accelerating force on the carriage. 

To determine the angle of friction, direct experiments have , 
been made, by allowing carriages to descend freely on a road 
of variable inclination until the friction overcame the force 
which caused the motion, {Note 1) ; and also by the force of 
irtictian on a level road, or the fractional part of the weight 
of the carriage which, when applied to it, would be just sulBi- 
cient to overcome the friction and set the carriage in motion. 

15 



114 ELEMENTARY COURSE OF 

The following are the results of those experiments, the load 
moved being one ton, or 2240 pounds. 

No. 1. Well made pavement, . . .33 lbs. 
'^ 2. Broken stone surface laid on an old 

flint road, . . . . . 65 " 

" 3. Gravel road, 147 « 

" 4. Broken stone surface on a rough pave- 
ment bottom, .... 46 " 

" 5. Broken stone surface on a bottom, of 

beton, ...... 46 " 

From this it appears that the angle of friction in the first 
case is represented by aJ^f o"> ^^ "eV nearly ; and that the slope 
of the road should therefore not be greater than one perpen- 
dicular to sixty-eight in length, or that the height to be over- 
come must not be greater than one sixty-eighth of the dis- 
tance between the two points measured along the road, in 
order that the force of friction may counteract that of gravity 
in the direction of the road. 

A similar calculation will show that the angle of friction in 
the other cases will be as follows : 

No. 2, . . . 1 to . . . 35 nearly. 
«>, . . • 1 • . .xo 

" 4and5, . . 1 " . . . 49 « 
In laying out therefore a road, when one point is higher 
than another, or when it is necessary to pass a ridge at a point 
higher than either of the extreme points, the line followed 
should be direct between the two points, so long as the ascent 
is within the foregoing limits, according to the character of the 
road covering, and no other obstacles intervene which would 
render necessary a change of direction. If, owing to any of 
these causes, a change of direction should become necessary at 
any point, it will be made, and be continued in the new direc- 
tion until the direction towards the point of arrival can be re- 
sumed. An examination of the line between the point where 
the original direction is resumed and the first point will remain 
to be considered in comparison with those already laid out. 
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To render this somewhat clear by a diagpram, let a and b 
f>e the points to be connected, a being the point of departure^ 
B that of arrival. A direction is first assumed between a and 
B, and is continued to d, where it becomes necessary to as- 
sume a new direction dc, owing to some impediment ; this 
Dew direction is continued to c, at which point it is found 
practicable to assume the direction cb, as the shortest to the 
point of arrival. The line passing through the points adcb, 
is then examined on that part between a and c, to ascertain 
whether the direction ac, which is the most direct, will also 
satisfy the other necessary conditions ; and, if it does, it 
will be taken as the corrected line. 

In all cases, so far as it can be done with a due regard to 
economy in the outlay of construction, a uniform ascent 
should be obtained between the points of departure and arri- 
val, to avoid useless ascents and descents, which occasion a 
loss of power. Cases of this character not unfrequently pre- 
sent themselves, as for example, where the points of departure 
and arrival, lying on opposite sides of a hill, can be con- 
nected by a straight line by crossing the ridge at a level higher 
than either of the points ; or else by taking a circuitous di- 
rection around the base, by which the ascent between the two 
would be made uniform. In such cases the choice of the 
engineer must be governed by his judgment, founded on a 
comparison of the expense of the two lines, and the advanta- 
ges which they severally offer with respect to the time and 
means of conveyance. 

A uniform ascent, within the prescribed limits, can always 
be obtained, whenever there is a continual rise of the ground 
between the point of departure and the point where the road 
crosses the ridge, by making frequent changes of direction 
in a zigzag line between the two points. The length of 
each zigzag will dejpend on the nature of the surface, and 
will in no manner affect the total length of the road if the 
ascent be uniform ; for it is a property of lines of the same 
inclination which connect two different levels to be of th© 
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same length, whatever change of direction the lines may 
assume. 

It may be stated in this place that the straight portions of 
the line are connected at the points of change of direction 
by an arc of a circle {Note 2,) tangent to the two lines which 
it connects. This curved part should not be so abrupt as to 
require any considerable diminution of speed in the carriage 
whilst passing over it, and, as a farther precaution for safety 
in descents, the slope of the road at these points should be 
less than along the straight portions of the line. 

When a valley intervenes between the two points, the same 
principles should guide the engineer in the choice of his line 
as in the case of a hill ; for the valley must be descended on 
the side towards the point of departure to be ascended on the 
opposite side ; and the ascent and descent should be as uni- 
form as practicable, and in no part greater than the limits 
already laid down. 

The case may also here present itself, whether it will be 
best to pursue the direct line between the two points, or to de- 
viate from it, by crossing the valley at ahigher level, nearer the 
head of it, by a more circuitous line. Other cases may per- 
sent themselves where the width of the valley, being much 
less at some lower level, might offer a great economy in the 
embankments ; or, finally, where undulations in the ground, 
if taken advantage of, would produce the same effect, by cut- 
ting down a portion of the elevated parts to fill up the depres- 
sions between them. All of these cases require careful exa- 
mination before any line between the points is definitively 
adopted. 

When a marshy, or very wet soil intervenes between the 
points, it will generally be best to change the direction of the 
line to avoid crossing it, owing to the difiiculty of obtaining a 
firm bottoming for the road covering in such localities, which 
can only be effected by a thorough system of drainage. 

When a water course intervenes between the points, the 
point at which the line should intersect it will depend on the 
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character of the stream, and that, of the approaches to it ; 
as both economy of construction, and safety to the structure, 
over which the road is carried, may designate some other 
point than that in which the direct Une intersects the water 
course. 

As the general direction of a road will usually be the same 
as the valleys of the water courses between the points of depar- 
ture and arrival, the advantages presented by both sides of the 
valley, for constructing the road, should be carefully balanced. 
The principal favorable points are, few secondary water 
courses intersecting the line of the road, a firm soil, a free 
exposure of the road surface to the action of the sun and 
wind, and facilities for procuring the necessary materials to 
form the road covering. 

A careful comparison of the surveys of the different trial 
lines will usually enable the engineer to decide, without far- 
ther labor, upon the one which combines the most desirable 
advantages. 

Equalizing the Excavations and Embankments^ ^c. 
The next important point to be adjusted is balancing, or 
equalizing the excavations and embankments; that is to 
make such a disposition of the slopes, and such partial 
changes in the main direction of the line, that the parts which 
will require to be excavated shall furnish just sufficient earth 
to Ibrm those portions which must be filled in. The solution 
of this problem, in the cases which most usually occur in prac- 
tice, is of a very indeterminate character, and the engineer is 
obliged to resort to a system of successive approximations, 
by assuming different slopes, within the prescribed limits, and 
by shifting the position of the line to the right, or left, until 
he arrives at the most favorable result. In conducting these 
trials, the whole line should be subdivided into several por- 
tions, and the equalization of these portions should be attempt- 
ed independently of each other, instead of trying a general 
equalization throughout the entire line. 

In balancing the excavations and embankmaits their solid 
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eoQtents are calculated, by subdividiDg them into the nwit 
siinple geometrical solids, such as prisms, prismoida, wedges, 
and pyramids, whose solidities can be determined by the or- 
dinary rales for the mensuration of solids. ^ This sabdivisioa 
will present but little difficulty when a sufficient number of 
cross profiles have been taken. Each cross pn^le will pre- 
sent a quadrilateral, or a triangular figure, of which the line 
of the road way, the side slopes, and the line of the sur&ce 
of the ground, will form the sides. The three first will be 
right lines, and the last a curved line, but generally of such 
slight curvature that it may be r^[arded as a right line. 
The same remark may be made with respect to the sorfiuseof 
the ground, which, although in fact a curved surfrce, may be 
regarded as a plane surface, between any two of the consecu- 
tive planes of the profiles; provided these profiles be not 
taken too &r apart. This manner of regarding the sur&ce 
of the ground will only give an approximate result, in calcu- 
lating the contents of the solids ; but this approximation will 
be sufficiently accurate for all practical purposes, and will 
avoid more complicated methods, which, although more rigo- 
rous in their results, are less suited to the solution of prob- 
lems of this nature. 

In determining the relations between the volumes of the 
embankments, and the excavations by which they are to be 
furnished, it must also be borne in mind that earth in its na- 
tural state occupies less space than when broken up ; and as 
the embankments, when first formed, are in the state of earth 
newly broken up, an allowance must be made according to the 
nature of the soil. This allowance will generally vary be- 
tween one twelfth and one eighth ; that is earth when first 
broken up will occupy from one twelfth to one eighth more 
bulk than it does in its natural state. 

After the excavations and embankments are equalized, the 
changes caused by the operation in the direction of the line 
are laid down on the map previously to laying out the line 
on the ground. This operation is performed by running the 
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new line as laid down on the map, and marking the middle 
line, or axis^ of the road, by stakes, or pickets, placed at equal 
intervals apart, and numbered to correspond with the same 
X)oints, on the map. The width of the road way, and the 
lines on the ground corresponding to the side slopes of the 
excavations and embankments, are laid out in a similar man- 
ner, by stakes, placed along the lines of the cross profiles. 

Besides the numbers marked on the stakes, to indicate their 
position on the map, other numbers, showing the depth of the 
excavations, or the height of the embankment, from the sur- 
fece of the ground, accompanied by the letters Cut Fill, 
to indicate a cutting, or b, fillings as the case may be, are also 
added to guide the workmen in their operations. The posi- 
tions of the stakes on the ground, which show the principal 
points of the axis of the road, should, moreover, be laid down 
on the map with great accuracy, by ascertaining their bear- 
ings and distances from any fixed and marked objects in 
their vicinity, in order that the points may be readily found 
should the stakes be subsequently misplaced. 

Detailed maps of the different divisions of the road, made 
to a suitable scale, should accompany the general map. The 
object of these maps being to give with the utmost accu- • 
racy the longitudinal and cross sections of the natural ground, 
and the road way, by exhibiting all the parts of the road sur- 
&ce, and of the excavations and embankments, with the hori- 
zontal dimensions of all the parts, and the vertical heights of 
the different points above one general plane of level, termed 
the plane of comparisauj numbered with great care. 

Detailed drawings of the road covering, of the masonry 
and carpentry of the bridges, culverts, <fcc., to which are 
added written specifications of the manner in which the em- 
bankments, excavations, masonry, &c., is to be executed, 
should accompany the division maps, to guide the superin- 
tending engineer of the division in the performance of his 
duties. 

Before breaking ground, to commence the grading, or 
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forming the excavations and embankments, another problem 
of a very intricate character, which has occupied the atten- 
tion of the first mathematicians, and has called into play all 
the resources of the higher analysis, remains to be solved. 
This is the removal, and the disposition of the different 
volumes so as to present the greatest economy in transporta-. 
tion and expense. The results which have been arrived at 
in the different cases which have been treated, seldom present 
themselves in practical operations. There is, however, one 
general principle which is applicable to all cases, which is, that 
to make the transportation a minimum between the points 
from which the earth is taken, and that where it is deposited, 
the lines passed over by the centres of gravity of all the par- 
ticles must neither cross each other in a horizontal, nor in a 
vertical direction. To apply this principle to practice, the 
entire volumes of the embankments and excavations should 
be subdivided into several others, {Note 3,) by planes in the 
direction of the transportation, and these partial solids, should 
be removed within the boundaries marked out by these planes. 
The farther the subdivision is carried, the greater will be the 
accuracy of the result. 

Grading, In forming the excavations, the inclination of the 
side slopes demand peculiar attention. This inclination will 
depend on the nature of the soil, and the action of the atmos- 
phere and internal moisture upon it. In common soils, as 
ordinary garden earth formed of a mixture of clay and sand, 
compact clay, and compact stony soils, although the side 
slopes would withstand very well the effects of the weather 
with a greater inclination, it is best to give'them two base to 
one perpendicular, as the surface of the road way will, by 
this arrangement, be well exposed to the action of the sun and 
air, which will cause a rapid evaporation of the moisture on 
the surface. Pure sand and gravel may require a greater slope 
according to circumstances. It is not usual to use any ar- 
tificial means to protect the surface of the side slopes from 
the action of the weather ; but it is a precaution which, in 
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tlie end, will save much labor and expense in keeping the 
road-way in good ordetl The simplest means, which can be 
used for this purpose, consist in covering the slopes with good 
sods, (Fig. 57,) or else with a layer of vegetable mould about 
four inches thick, carefully laid and sown with grass seed. 
*These means will be amply sufficient to protect the side 
slopes from injury when they are not exposed to any other 
causes of deterioration than the wash of the rain, and the ac- 
tion of frost on the ordinary moisture retained by the soil. 

When the side slopes are not protected in this manner, it 
will be well, in localities where stone is plenty, to raise a 
small wall of dry stone at the foot of the slopes, to prevent 
the wash of the slopes from being carried into the road-way. 
A covering of brush wood, or a thatch of straw, may also 
be used with good eflFect, but, from their perishable nature, 
they will require frequent renewal and repairs. 

In excavations through solid rock, which does not dis- 
integrate on exposure to the atmosphere, the side slopes 
might be made perpendicular ; but as this would exclude, in 
a great degree, the action of the sun and air, which is essen- 
tial to keeping the road surface dry and in good order, it will 
be necessary to make the side slopes with an inclination, va- 
rying from one base to one perpendicular, to one base to two 
perpendicular, or even greater, according to the locality; the 
inclination of the slope on the south side in northern latitudes 
being greatest, to expose better the road surface to the sun's 
rays. 

The slaty rocks generally decompose rapidly on the sur- 
&ce, when exposed to moisture and the action of frost. The 
side slopes in rocks of this character may be cut into steps, 
(Fig. 58,) and then be covered by a layer of vegetable mould 
sown in grass seed, or else the earth may be sodded in the 
usual tvay. 

The stratified soils and rocks, in which the strata have a 
dip, or inclination to the horizon, are liable to slips^ or to 
give way by one stratum becoming detached and sliding on 
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another, which is caused either from the action of frost, or 
from the pressure of water, which insinuates itself between 
the strata. The worst soils of this character are those formed 
of alternate strata of clay and sand, particularly, if the clay is 
of a nature to become semi-fluid when mixed with water. The 
best preventives that can be resorted to in these cases, are to 
adopt a thorough system of drainage, to prevent the surface 
water of the ground from running down the side slopes, and 
to cut off* all springs which run towards the road-way from 
the side slopes. The surface water may be cut oS by means 
of a ditch (Fig. 57) made on the up-hill side of the road, to 
catch the water before it reaches the slope of the excavation, 
and convey it off to the natural water courses most con- 
venient, as, in almost every case, it will be found that the side 
slope on the down-hill side is, comparatively speaking, but 
slightly affected by the surface water. To cut off the 
springs, it will be necessary to sink a ditch, or drain, on the 
side of the road from which the water flows, sufficiently 
deep to intercept the springs, and to fill this drain with broken 
stone, loosely thrown in, to offer an easy water way, and to 
prevent the drain from filling in with earth. The drain, thus 
arranged, must have an outlet towards some natural water 
course. 

Neither of these^ precautions, however, will suffice in some 
cases where the soil is very loose, or is of a marly or 
chalky character ; and all that can be done will be to give 
the wash a wide berth, and to allow the side slopes to assume 
with time their natural inclination, removing the fragments 
of the slips as they are deposited at the foot of the slope, ex- 
cept such as may form a kind of buttress for the slopes. 

In forming the embankments, (Fig. 59,) the side slopes 
should be made with a less inclination than that which the 
earth naturally assumes, for the purpose of giving them 
greater durability, and to prevent the width of the top surface, 
along which the road-way is made, from diminishing by 
every change in the side slopes ; as it would were they made 
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^\irkh the natural dope. To protect the side slopes more edfec- 
toally they shook! be sodded, or sown in grass seed, and the 
snr&ce water of the top should not be allowed to ron down 
them, as it would soon wash them into gulUes, and destroy 
the embankment In localities where stoue is {deuty, a sus- 
taining wall of dry stone may be advantageously substituted 
for the side slopes. 

To prevent, as far as practicable, the settling which takes 
place in embankments, they should be formed with great 
care ; the earth being laid in successive layersof about four feet 
in thickness, ami each layer well settled with beetles. As this 
m^od is very expensive, it is seldom resorted to except in 
works which require great care, and are of trifling extent 
For extensive works, the method usually followed, on account 
of eomomy, is to embank out from one end, carrying forward 
the work on a level with the top surfiBu^e. In this case, as 
there must be a want of compactness in the mass, it would 
be best to form the outsides of the embankment first, and to 
gradually fill in towards the centre, in order that the earth 
may arrange itself in layers with a dip from the sides inwards ; 
this will in a great measure counteract any tendency to slips 
outwards. 

A common method also, but a very bad one, is to make 
what is termed a side formings which is done, by raising the 
whole embankment at once, commraicing at one side and fill- 
ing towards the other. This method is only used when the 
road is partly in cutting and partly in filling ; it is unstable, 
and the earth settles greatly and is liable to slips. 

Besides the necessary embankments for the road surface, 
there are others, termed spoil banksj which consist of the 
surplus earth from excavations that is deposited in some dbn-r 
venient locality as near to the point from which the earth is 
tak^i as safety to the side slopes of the excavation will peri- 
mit The spoil banks are generally formed parallel to the 
road- way, and some feet back from the top of the side slope, to 
prev^it the weight of tfa^ mass from crushing in the side 
slope. The down-hill side will, in most cases, be the most 
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suitable locality ; and, if it be thought neceflsary, a slight 
surface drain may be placed at the foot of the slope, towards 
the road to prevent the water from the spoil bank from making 
its way to the side slope of the excavation. 

In the cases of what are termed side cuttings where the 
road-way is partly in excavation and partly embankment, 
the formation of the side slopes and the excavations and em- 
bankments, with the precautions to preserve them from da- 
mage, will be arranged as has already been explainecL But 
if the inclination of the natural surface of the ground, on 
which the embankment rests, is so great as to endanger its 
stability, it will be necessary to form the surface into steps 
(Fig. 60) to give the embankment a stable bed. 

In side cuttings along a natural surface of great inclina* 
tion, the method of construction just explained will not be 
sufficiently secure, and sustaining walls must be substituted 
for the side slopes, both of the excavations and embankments. 
These walls may be made simply of dry stone, when the 
stone can be {procured in blocks of sufficient size to render 
this kind of construction of sufficient stability to resist the 
pressure of the earth. But when the blocks of stone do not 
offer this security, they must be laid in mortar, (Fig. 61,) and 
hydraulic mortar is the only kind which will form a safe con- 
struction. The batter of the walls may vary between twenty- 
four perpendicular to one base, and six perpendicular to one 
base. It should never be less than this latter, otherwise the 
mortar between the joints, near the surface, will be washed 
out by the rain, and the seeds of vegetables lodging in the 
voids, will germinate, and, in a short time, destroy the adhe- 
sion between the mortar and stone by the penetration of 
their roots between them. The wall which supplies the slope 
of the excavation should be carried up as high as the natural 
surface of the ground ; the one that sustains the embankment 
should be built up to the surface of the road-way ; and ano- 
ther wall, of less thickness and about four feet high, termed 
a parapet wall, should be raised upon it, to secure vehicles 
from accidents in passing from the line of the road-way. 
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A road may be oonstmctBd partly in excaTadon and partly 
embankment along a rocky ledge, by blasting the rock, wbtm 
the inciinatioa of the natural sur&ce is not greater than one 
perpendicular to two base ; hot with a greater indinaticm than 
tfiiS| the whole should be in excavation. 

Thero aro examples of road constructions, in localities like 
the last, supported on a frame work, consisting of horixontal 
pieces, which -aro firmly fixed at one end, by being let into 
holes drilled in the rock, and aro sustained at tlie other by an 
inclined strut underneath, which rests against the rock in a 
dioolder formed lo receive it. 

Drainage. A system of thorough drainage, by which the 
water that filters through the ground will be cut off from the 
soil beoeadi the road-way, to a depth of at least three feet 
below the bottom of the road covering, and by which that 
which &lls upon the surface will be speedily conveyed of^ 
before it can filter through the road covering, is essential to 
the good condition of a road. 

T%e surface water is conveyed off by giving the surface of 
the road-way a slight transverse convexity (Fig. 62) from the 
middle to the sides, where the water is received into the gut- 
ters, or side channels, from which it is conveyed by under- 
ground aqueducts, termed culverts, built of stone or brick, 
and usually arched at top, into the main drains that commu- 
nicate with the natural courses. This convexity is regulated 
by making the figure of the profile an ellipse, of which the 
aemi-transverse axis is 15 feet, and the semi-conjugate axis nine 
inches ; thus {dacing the middle of the road-way nine inches 
above the bottom of the side channels. This convexity, which 
is as great as should be given, will not be sufficient in a fiat 
country to keep the road surface dry ; and in such localities, if a 
slight loi^itndinal slope cannot be given to the road, it should 
be raised, when practicable, three or four feet above the gene- 
ral level ; both on account of conveying off speedily the 
surface water, and to expose the surface better to the action of 
the wind. 
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To convey the water from the subsoil in a level country, 
ditches, tenmed open side drains^ (Fi?- ^>) ^'® made parallel 
to the axis of the road, and at some feet from it on each side. 
The bottom of the side drains should be at least three feet 
below the road covering ; their size will depend on the nature 
of the soil to be drained. In a cultivated country the side 
drains should be on the field side of the fences. 

As open drains would be soon filled up along the parts of a 
road in excavation, by the washings from the side slopes, 
covered drains, built either of brick or stone, must be substi- 
tuted for them. These drains (Pig. 64) consist simply of a 
flooring of flagging stone, or of brick, with two side walls 
of rubble, or brick masonry, which support a top covering 
of flat stones, or of brick, with open joints, of about half 
an inch, to give a free passage way to the water into 
the drain. The top is covered with a layer of straw, or 
brushwood, and clean gravel, or broken stone, in small 
fragments, is laid over this, for the purpose of allowing 
the water to filter freely through to the drain, without taurry- 
ing with it any earth or sediment which might, in time, accu- 
mulate and choak it. The width and height of covered 
drains will depend on the materials of which they are built, 
and the quantity of water to which they yield a passage. 

Besides the longitudinal covered drains in cuttings, other 
drains are made under the road-way which, from their form, 
are termed cross mitre drains. Their plan is in shape like 
the letter V, the angular point being at the centre of the road 
and pointing in the direction of its ascent. The opening of 
the angle should be so regulated that the bottom of the drain 
shall not have a greater slope along either of its branches, 
than one perpendicular to one hundred base, to preserve the 
masonry from damage by the current. The construction 
of mitre drains is the same as the covered longitudinal 
drains. They should be placed at intervals of about 60 yards 
from each other. 

In some cases surface drains, termed catch water drains^ 
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we made on the side slopes of cutting^. They are run up 
obliquely along the surface, and empty directly into the cross 
irains which convey the water into the natural water 
:x>urses. 

When the roadway is in side cutting, cross drains (Fig. 
66) of the ordinary form of culverts are made, to convey the 
water from the side channels and the covered drains into the 
natural water courses. Thev should be of sufficient dimen- 
sions to convey off a large volume of water, and to admit a 
man to pass through them, so that they may be readily clear- 
ed out, or even repaired, without breaking up the road-way 
over them. 

The only drains required for embankments are the ordina- 
ry side channels of the road way, with occasional culverts, to 
convey the water from them into the natural water courses. 
Great care should be taken to prevent the surface water from 
running down the side slopes, as they would be soon washed 
into gullies by it. 

Very wet and marshy soils require to be thoroughly drained 
before the road-way can be made with safety. The best sys- 
tem that can be followed in such cases, is to cut a wide and 
deep open main drain on each side of the road, to convey the 
water to the natural water courses. Covered cross drains 
should be made at frequent intervals to drain the subsoil of 
the road-way. They should be sunk as low as will admit of 
the water running from them into the main drains, by giving 
a slight slope to the bottom each way from the centre of the 
road to facilitate its flow. 

Independently of the drainage for marshy soils, they will 
require, when the subsoil is of a spongy elastic nature, an 
artificial bed for the road covering. This bed may, in some 
cases, be formed by simply removing the upper stratum to a 
depth of several feet, and supplying its place with well packed 
gravel, or any soil of a firm character. In other cases, 
when the subsoil yields readily to the ordinary pressure that 
the road surface must bear, a bed of brushwood, from 9 to 18 
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inches in thickness, must be formed to receive the soil on 
which the road covering is to rest. The brush wood should 
be carefully selected from the long straight slender shoots of 
the branches or undergrowth, and be tied up in bundles, 
termed fciscines, from 9 to 1 2 inches in diameter, and from 10 
to SO feet long. The fascines are laid in alternate layers 
crosswise and lengthwise, and the layers are either connected 
by pickets, or else the withes, with whieh the fiuscines are 
bound, are cut to allow the brushwood to form a unifiHrm 
and compact bed. 

This method of securing a good bed for structures on a 
weak wet soil has been long practised in Holland, and expe* 
rience has full tested its excellence. 

Road Coverings* The object of road coverings is to di- 
minish the resistances offered to the force of traction, by the 
friction and collision of the wheels, along the road sur&ce, 
and to reduce, as far as practicable, the wear and tear of the 
surface, occasioned by the passage of vehicles, and the action 
of the weather. To effect this in the most perfect manner, 
the road covering must be formed of some material which is 
smooth, hard, and durable, and be laid on an unyielding bed. 
For each of the causes of the bad qualities of roads depends 
more or less on these properties of the materials and of the 
bed on which they are laid. 

If the subsoil, or bed, is not of an unyielding character, the 
materials of the road covering will be soon worked into it by 
the passage of vehicles. The subsoil will thus be forced to 
the surface, where, becoming mixed up with the materials, 
it will greatly tend to increase their wear and tear, by keeping 
them always moist, from the quantity of mud which will be 
constantly forming, and from the disunion which this will 
cause between them. 

If the materials are not hard and durable the road cover- 
ing will rapidly wear into ruts, and will thus increase the 
friction and collision, which depend on the evenness of the 
surface. 
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To satisfy these conditions of a good road, both theory and 
experience are in favor of a road covering of hard stone, of 
sufficient thickness to prevent a weight laid on any point 
of the surface from pressing the materials into the subsoil. 

Aniong the various methods in which stone has been used 
for road coverings, that which is termed a paved roadj •or 
pavement^ has been found to be the best where the road is 
constantly traversed by heavy vehicles. 

Pavements are variously constructed, according to the 
more or less care required by the nature of the transportation* 
The method in most general use in our country, is to exca-^ 
vate the sdl to a suitable depth, to receive a bed, or form, of 
dean sand, which is made from one foot to several feet in 
thickness ; into this form, stones of a round shape, and of va- 
rious sizes, which have received the common name of paving 
stones^ are set as close together as they can be packed, and 
atre firmly settled by a heavy beetle manoBUvred by one or 
two men. The stones are driven until their tops are even 
with the surface of the road- way, which is convex and higher 
in the middle than at the sides ; the road surface is then 
covered over- with a layer of clean saud two or three inches 
in thickness, which is gradually worked in between the stones 
by the oinnbined action of the wheels and the weather. 

The defects of this kind of pavement are obvious at a 
glance. The road surface is of the worst kind to diminish 
the friction and collision ; and although the form is of a ma^ 
terial which is perfectly firm, when prevented from yielding 
laterally, still the shape of the stones is the most favorable to 
produce this lateral yielding. The consequences therefore 
to be apprehended, and which are fully verified by experience, 
are, that the force of traction will be very great, and the road- 
way will soon get out of order by wearing rapidly into ruts* 
The most of these defects would be removed by substituting 
cubical blocks, about nine inches in thickness, for the round 
stone, as th^y would form a more solid and a smoother co- 

17 
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Tering, beaidM being of a bett«r ditpg lo lenit being fineed 
into the fivrin. 

The best eyatem of pavement is that which has been par- 
tially pat in practioe in some of theoommercialeities of EDg' 
land, the idea of which seems to hare been taken fimntbB 
ezcdleat military loads of the Bomans, Testiges of which 
lemaia at the present day in a good state. 

In constructing this pavement a bed {Fig. 66) is first pre* 
pared, by removing the sorfiice of the soil to the depth of a 
fool or more, to obtain a firm stratum ; the surfiu:e of this 
bed receives a very slight convexity, of about two inches to 
ten feet, from the centre to the sides of the road-way. If the 
soil is of a soft clayey nature, into which small firagments if 
broken would be easily worked by the wheels of vdudes, it 
should be excavated a foot or two deeper to receive, a ferm ef 
sand or of clean fine gravel. On the sur&ce of the Ibed thus 
prepared a layer of small broken stone, lour inches thick, is 
laid ; the dimensions of these firagments should not be greater 
than two-and-Srhalf inches in any direction ; the road is then 
opened to vehicles until this first layer becomes perfectly com' 
pact, care being taken to fill up any ruts with firesh stone, in 
order to obtain a uniform surface. A second layer of stone, 
of the same thickness as the first, is then laid on, and treated 
in the same manner ; and finally a third leCyer. When the 
third layer has become perfectly compact, and is cyf a uniform 
surface, a layer of fine clean gravel, two-and-4i-half inches 
thick, is spread evenly over it to receive the paving stones. 
The blocks of stone are of a square shape, and of diflferent 
sizes, according to the nature of the traveUing over the pave- 
ment. The largest size are ten inches thick, nine inches 
broad, and twelve inches loi^ ; the smallest are six inches 
thick, five inches broad,^ and ten inches long. Each block is 
carefully settled in the form, by means of a heavy beetle ; it is 
then removed in order to cover the side of the one against 
which it is to rest with hydraulic mortar; this being done the 
block is replaced, and properly adjusted. The blocks of the 
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different courses across the road-way should break joints. 
The surface of the road is convex ; the convexity being de- 
termined by making the outer edges six inches lower than the 
Iniddle for a width of thirty feet. 

As pavements of this character would only be required in 
cities, they must be accompanied by side walks, and crossing 
places, for foot passengers. The side walks are made of large 
flat flagging stone, at least two inches thick, laid on a form of 
clean gravel well rammed and settled. The width of the 
side walks will depend on the street being more or less fre- 
quented by a crowd. It would, in all cases, be well to have 
them at least twelve feet wide ; they receive a slope, or pitch, 
of one inch to ten feet, towards the pavement to convey the 
surface water to the side channels. The pavement is sepa- 
rated from the side walk by a row of long slabs, set on their 
edges, termed curb stones^ which confine both the flagging 
and paving stones. The curb stones form the sides of the side 
channels, and should for this purpose, project six inches above 
the outside paving stones, and be sunk at least four inches 
below their top surface ; they should, moreover, be flush with 
the upper surface of the side walks, to allow the water to run 
over into the side channels, and to prevent accidents which 
might happen from their tripping persons passing in haste. 

The crossings should be from four to six feet wide, and be 
slightly raised above the general surface of the pavement, to 
keep them free from mud. 

The kind of stone selected for pavements should be hard, 
with a compact texture, and not possessing the property of 
receiving a polish. 

The system of pavement which has just been described 
fulfils in the best manner all the conditions of a good road ; 
presenting a hard even surface to the wheels, and reposing on 
an unyielding bed, formed by the bottoming of broken stone, 
which is protected, as far as practicable, from the action of 
water by the mortar in the joints ; though it may reasonably 
admit of a doubt, whether the mortar would not he soon 
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destroyed by the action of the vehicles, and the expansion 
and contraction of the stone which, in our climate, is found 
to be very considerable in exposed positions. 

The middle of roads in the vicinity of large cities should, 
for economy, be paved, for a width of eight ieet on each side 
of the centre of the road, in the same manner as the sbreets, 
if it be found that more than three inches of the ordinary 
road covering of broken stone is worn down annually by the 
travelling over .the road. The wings of the road, on each 
side of the pavement, may be made of broken stone or clean 
coarse gravel. Great attention will be requisite to prevent 
ruts from forming where the pavement and wings unite. 

Wooden pavements, formed of blocks of a hexagonal or 
square shape, cut into lengths of nine inches, have been for 
some period in use in Russia, and are now undergoing expe. 
riment with us. The blocks are first well seasoned, and, in 
some cases, prepared by immersing them in some one of the 
solutions which have been fi>und to be preventives of the rot. 
After they are laid, the joints and top surface are coated wUh 
hot tar, or pitch, and a thin layer of fine gravel is spread over 
the surface before the road is thrown open to vehicles. In 
some instances a wooden pin is inserted into each block to 
connect it firmly with the one next to it which has a hole in 
it to receive the pin. This seems however an excess of pre- 
caution, for if the bottoming is firm, the blocks cannot work 
into it, and there is but little tendency in the pressiire at the 
surface to throw the blocks up. 

The wear and tear of this kind of pavement, when made 
of the harder kinds of wood, will, in all probability, be less 
than that of stone. Its durability will depend upon the effi- 
cacy of the preventives to protect the wood from the rot. As 
to its cost, it will be greater, probably, even with us, than stone, 
owing to the preparation of the material. One objection 
urged against it, is the danger that may be apprehended from 
the decomposition of the wood in our hot climates. This ob- 
jection is one of great moment, particularly when coupled 
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with the slight durability of wood under such circumstan- 
ces. 

The ordinary road covering for common roads, is formed 
of a coating of small broken stone^ laid either on a paved 
bottom, or else on the surface of the subsoil which forms the 
bed. . 

The paved bottom road covering (Fig. 66) is formed, by 
excavating the sur&ce of the gr<mnd to a suitable depth, and 
preparing the form for the pavement with the precautions as 
for a common pavement. Small blocks of stone of an irregu- 
lar pyramidal shape are selected for the pavement, which 
should be seven inches thick in the centre, and three inches 
thick at the sides, for a road-way 30 feet in width. The base 
of each block should not measure more than five inches, and 
the top not less than four inches. 

The blocks are set by the hand, with great care, as closely 
in contact at their bases as practicable, and blocks of a suita- 
ble size are selected to give the sur&ce of the pavement a 
slightly convex shape from the centre outwards. The spaces 
between the blocks are filled with chippings of stone com- 
pactly set with a small hammer. 

A layer of broken stone, four inches thick, is laid over this 
pavement for a width of nine feet on each side of the centre ; 
no fragment of this layer should measure over two-and-a- 
half inches in any direction. A layer of broken stone of 
smaller dimensions, or of clean coarse gravel, is spread over 
the wings to the same depth as the centre layer. 

The road covering, thus prepared, is thrown open to Ve- 
hicles until the upper layer has become perfectly compact, 
care having been taken to fill in the ruts with firesh stone, in 
order to obtain a uniform surface. A second layer, about 
two inehes in depth, is then laid over the centre of the road- 
way ; and the wings receive also a layer pf new material laid 
on to a sufficient thickness to make the outside of the road- 
way nine inches lower than the centre, by giving a slight 
conyeidtf to the surface from the centre outwards, A coat- 
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ing of clean coarse gravel, one inch and a half thick, termed 
a bindings is spread over the surface, and the road covering 
is then ready to be thrown open to travelling. 

The stone used for the pavement may be of an inferior 
quality, in hardness and strength, to that placed at the surface, 
as it is but a litte exposed to the wear and tear occasioned by 
travelling. The surface stone should be of the hardest kind 
that can be procured. The gravel binding is laid over the 
surface to facilitate the travelling, whilst the under stratum 
of stone is still loose ; it is, however, unserviceable, as, by 
working in between the broken stones, it prevents them from 
setting as compactly as they would otherwise do. 

If, from any circumstance, the road-way cannot be paved 
the entire width, it should, at least, receive a pavement for the 
width of nine feet on each side of the centre. The wings, in 
this case, may be formed entirely of clean gravel, or of chip- 
pings of stone. 

For roads which are not much travelled, like the ordinary 
cross roads of the country, the pavement will not demand so 
much care ; but may be made of any stone at hand, broken 
into fragments of such dimensions that no stone shall weigh 
over four pounds. The surface coating may be formed in 
the manner just described. 

A road covering formed entirely of broken stone is made 
precisely in the same manner, and with the same precautions 
to obtain a compact solid mass, as the bottoming of broken 
stone for a paved road. None of the fragments of broken 
stone should measure more than two inches and a half in any 
direction. 

A good road covering may be formed in a similar manner 
of clean gravel. The first layer should be four inches 
thick, and be spread over a level form. The other layers 
are laid on in successive thicknesses of three inches, until the 
covering has attained the entire thickness of sixteen inches 
in the centre, with the ordinary convexity at the surface. 

Each pebWe which measures over one inch and a half in 
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diameter must be broken into smaller fragments before being 
laid on the road. The largest sized gravel should be spread 
over the centre of the road for a width of at least fifteen feet 

The system of road coverings, with a paved bottoming 
and broken stone sur&ce, has been for a long period in use in 
France, and, within late years, has been generally adopted 
in England. The experience in both of these countries is 
decidedly in favor of this system, as possessing the properties 
of a good road covering in a degree superior to any other 
formed of small fragments of stone. The arrangement of the 
paved bottoming is the most suitable to distribute any pressure 
at the surface over a considerable bearing surface of the sub- 
soil, and thus to prevent it from working up between the 
blocks, whilst, owing to the pyramidal shape of the blocks, 
the tendency of the pressure will be to keep them in their 
places. 

In road coverings of broken stone alone, which are com- 
monly known as M^Adamized roads, from -the name of the 
gentlemen who first brought them into notice, the bed of the 
subsoil must be of a very firm nature, otherwise the small 
fragments will be easily forced into it, by the pressure (m the 
surtace of the road-way, because these fragments are not of a 
suitable size or shape to distribute the pressure over a large 
bearing sur&ce of the bed. The consequences arising firom 
this will be, that the fragments of stone will be kept in a 
loose moist state, owing to the mud formed by the subsoil, 
and the road-way can never be kept in good order, because 
the wear and tear of the fragments will be greatly increased, 
from the want of compactness in the mass, ruts and large 
quantities of mud will form rapidily, and the road covering 
will be readily broken up by even a slight frost 

The M'Adamized road recommended iteelf, when first in- 
troduced, partly from its real superiority to the methods then 
in use, and partly owing to the ease with which the road co- 
vering could be formed, and firom its supposed economy over 
all other methods. When compared with a good paved bot- 
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torn road its inferiority to it has been fuUy established, ex^ 
cept in localities where the subsoil is perfectly unyielding. 
As to the economy of the two method, the first will, in most 
cases, be in favor of a M'Adamized road, owing to the care 
with which the paved bottoming requires to be set The cost 
of repairs will generally be found greatly in fsiyoy ol the 
paved bottom road. 

Wherever the paved bottom road has been attempted in 
oar <ywn country^ a most injudicious method has been fidlow- 
ed, of placing very large fragments of stone loosely arranged 
at the bottom, and covering them with a layer of broken stone ; 
the consequences of which haye been, that the bottom stones 
are forced up, and gradually work to tfie top, from the 
unequal pressure occasionally thrown on their comers^ by 
which the smaller fragments are forced beneath them. 

Road coverings erf* broken stone are not suited to the streets 
of cities, because they do not offer sufficient resistance to the 
wear and tear occasioned by the constant travellii;^ on such 
thronged thoroughfaresr They present, moreover, a great 
inconvenience from the dust which is formed in dry, and the 
mud in wet weather. 

Cross dimensions of Roads. A road thirty feel in vjdth 
is amply sufficient for the carriage way of the most frequent- 
ed thoroughfares between cities. A width of forty, or even 
sixty feet, may be given near cities, where the greater part of 
the transportation is effected by land. For cross' roads, and 
others of minor consideration, the width may be reduced ac- 
cording to the nature of the case. The width should be at 
least sufficient to allow two of the ordinary carriages of the 
country to pass each other with safety. Iti all cases^ it should 
be borne in mind, that any unnecessary width increases both 
the first cost of construction, and theexpenseof annual repairs. 

Very wide roads liave,^in some cases^ been used, the centre 
paart only receiving a road covering, and the wings, termed 
summer roads, being formed on the natural surface of the 
subsoil The object of this system is to relieve the road co- 
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vering from the wear and tear occasioned by the lighter kind 
of vehicles during the summer, as the wings present a more 
pleasant surface for travelling in that season. There is but 
little gained by this system under this point of view, and it 
has the inconvenience of forming during the winter a large 
quantity of mud which is very injurious to the road cover- 
ing. 

There should be at least one foot-path, (Fig. 62,) from five 
to six feet wide, and not more than nine inches higher than 
the bottom of the side channels. The surface of the foot 
path should have a pitch of two inches, towards the side 
channels, to convey its surface water into them. When the 
natural soil is firm and sandy, or gravelly, its surface will 
serve for the foot-path ; but in other cases the natural soil 
must be thrown out to a depth of six inches, and the excava- 
tion be filled with fine clean gravel. 

To prevent the foot-path from being damaged by the cur- 
rent of water in the side channels, its side slope, next to the side 
channel, must be protected by a facing of good sods, or of 
dry stone. 

As it is of the first importance, in keeping the road-way in 
a good travelling state, that its surface should be kept dry, it 
will be necessary to remove from it, as far as practicable, all 
objects that might obstruct the action of the wind and the 
sun on its surface. Fences and hedges along the road should 
not be higher than five feet ; and no trees should be suffered 
to stand on the road-side of the side drains, for independently 
of shading the road-way, their roots would in time throw up 
the road covering. 

Repairs and Materials. The very friable rocks, which are 
easily worn down by attrition, should not be used for the sur- 
fece coating of the road covering, when harder materials can be 
procured. The materials should be collected in small depots, 
at convenient intervals along the road-side, to be always at 
hand when wanted. Ruts and hollows should be filled in with 
firesh materials immediately, by successive thin coatings, a 
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fresh one being laid so soon as the other is thoroughly work- 
ed into the mass. 

The best seasons for general repairs throughout the line, 
are in the wet portions of the autumn and spring, between 
October and April. The whole line should be put in com- 
plete order in each of these months. Besides these general 
repairs the side channels should be cleared out from time to 
time, and the mud should be removed from the road surface, 
so soon as it has formed half an inch thick, to some conve- 
nient point on the road-side, where it will not obstruct the 
road-way or side channels. 

BRIDGES. 

A bridge is a structure raised to sustain a road-way above 
a water course. 

Bridges are classified, either from the character of the 
structure, bs fixed bridges, and moveable bridges ; or from 
the nature of the material of which the structure is formed, 
as stone bridges, wooden bridges, &c. 

Definitions. The portions of the road- way, at each extre- 
mity of the bridge, which lead to it, are termed the ap- 
proaches. The extreme points of support of the bridge, at 
each shore, are termed the abutments, and the intermediate 
points of support, the piers. The interval, or water-way, 
between any two points of support is termed a bay. The 
walls which sustain the embankments of the approaches, 
where they join the bridge, are termed the wings. The faces 
of the bridge, up and down stream, are termed the heads. 
The projections of the piers beyond the. faces are termed the 
starlings, or cut-waters. The centre Une of the bridge be- 
tween its extremities is termed the axis. 

Survey. Before any plan for a bridge is adopted, a care- 
ful survey must be made of the stream itself, its bed, its shores, 
and the most accessible points of approach to it, for some dis- 
tance above and below the point where it is intersected by the 
line of the road- way. The object of this survey is to ascer- 
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tain the regimen of the stream, the nature of its bed, and the 
character of the soil along its banks, for the purpose of deter- 
mining the probable changes which will take place in its 
regimen, from the construction of the bridge, and also the 
kind of structure which will be most suitable to the character 
of the soil. 

A complete topc^aphical map, exhibiting the natural fea- 
tures of the surface, should be made. A set of profiles, both 
lengthwise and crosswise, should be added, to the map, show- 
ing the slope of the bed, the character of the substrata, as 
ascertained by soundings along the lines of the profiles, and 
the water lines at the different epochs of ordinary high and 
low water, and of freshets. 

A descriptive memoir, containing all the information that 
can be obtained with respect to the changes that the bed has 
undergone at different epochs, the effects of freshets upon it, 
the velocity of the current at the season of freshets, and also 
at the time in which the survey is made, as observed at the 
different stations of the cross profiles, should accompany the 
map. 

Bcms of the Plan, The two principal points which claim 
the attention of the engineer in arranging the plan of a bridge, 
are, 1 : — to procure asuitable water-way for the passage of the 
stream, in order that the water, being partially dammed back 
by the bridge, may not rise sufficiently high to damage the 
grounds above it, nor receive, from the same cause, a velocity 
so great near the bridge as to change the bed ; 2 : — ^to adopt 
such a system of foundations as shall secure the durability of 
the structure. 

These points will require a careful examination and study 
of the locality , of the water-way under the bridge, and of the 
form and size of the bays. After this preliminary study is 
made, the forms and dimensions of the abutments, piers, and 
arches, can be regulated according to the nature of the mate- 
rials, and such modifications can be made in the locality, 
water-way, and bays, as may be required in regulating these 
parts. 
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Locality. When the point where a bridge is to be erected 
is not determined by the position of a line of communication 
which cannot be changed, the engineer will select such a 
point as offers the most security for the foundations, and the 
greatest economy in the constraction. As a general rule a 
straight reach of the stream should be preferred, as the regi- 
men there is more uniform than at or near elbows. And a 
firm soil, which will not yield to the increased velocity of the 
current, caused by the obstruction of the piers, should be 
chosen for the foundations. 

The axis of the bridge sliould be placed perpendicular to 
the thread of the stream, when the locality will admit of its 
being done ; when this cannot be effected, the bridge is termed 
askew, or oblique, because the sides or faces of the piers, 
which must be parallel to the thread of the current, in order 
that they may not be exposed to the effects of the water stri- 
king them obliquely, are oblique to the axis. 

The obliquity, or angle between the axis and the thread of 
the stream, should not exceed 70°, both on account of solidity 
and economy. 

Water-way, The durability of the bridge will essentially 
depend on its having a water-way of suitable dimensions. 

Observations made on the regimen of streams have shown, 
that where the volume of water is nearly the same, and no 
sudden changes are made in the form and size of the bed, 
the stream acquires a uniform regimen ; or, in other words, 
that the longitudinal slope, the cross section and the velocity 
of the current at any point, remain sensibly the same. If the 
cross section is diminished, the water will be partially danuned 
back ; this will cause the water to rise to a certain height 
above the point, and will occasion a fall, or shoot, and an 
increased velocity at the point ; from these causes danger 
may arise to agriculture during great freshets, from the over- 
flowing of the banks above the point, and to navigation, from 
the shoot ; and the bed will be gradually worn away, and 
will expose to ruin any structure raised upon it. If, on the 
contrary, the cross section is enlarged, the velocity of the cur- 
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rent will be decreased, and the bed will gradually fill up with 
deposits occasioned by this cause, until the stream acquires 
its natural uniform regimen. By enlarging therefore the na- 
tural water-way, the effects would be only temporary, and 
might eventually prove destructive to the bridge, should the 
deposites be formed principally in a few bays, because during 
a freshet the velocity might be so greatly increased at other 
points, from this cause, as to undermine the foundations. 

The artificial water-way should therefore be so regulated 
that the velocity will not effect any sensible change in the 
bed. In order to ascertain this suitable velocity, the mean 
velocity of the stream should be ascertained, both above and 
below the point, at the time of the highest water ; and also the 
effects of the current upon the bed, particularly at any points 
in the vicinity where the water-way is diminished either by 
natural or artificial obstructions. 

The mean velocity, by which is understood that average 
velocity of the current at any point, which multiplied by the 
area of the cross section of the water-way at that point, will 
give the volume of water which flows through in a given 
imit of time, can be found by measuring the velocity at the 
surface of the middle thread of the stream, which is done by 
noting the time it takes a light ball, ox floaty composed of some 
substance whose specific gravity is nearly the same as that of 
water, as, for example, white wax, or camphor^ to pass be- 
tween two fixed points, and taking four-fifths of it for the 
mean velocity. 

Having found the mean velocity of the natural water-way, 
that of the artificial water-way will be obtained from the fol- 
lowing expression, 

s 
V =m — V, 
s 

in which s and v represent, respectively, the area and mean 
velocity of the artificial water-way, s and v, the same data of 
the natural water-way, and m a constant quantity, which, as 
determined from various experiments, may be represented by 
them ixed number 1,097. 
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With regard to the effect of the increased velocity on the 
bed, there are no experiments which directly apply to the 
cases usually met with. The following table is drawn up 
from experiments made in confined channels, the bottom and 
sides of the channel being formed of rough boards. 



SUfM of •eeamahi- 
tion tenned 



Velocity of 
river in feet 
per ■eeoml. 



Ordinary floods 



Uniform tenors 



Gliding 
DuU .. 




Netnre of the bottOB whkli jort beara s«cli 
relocitiee. 

Angular stonesythe size of a hen's egg 
Rounded pebbles, one inch in diameter 
6^?el of the size of garden beans . . . 

Gravel of the size of peas 

Coarse yellow sand 

Sand, the grains the size of aniseeds 
Brown potter's clay 



Speeifiegra- 
Titj of the 



2*25 

2-546 

2*546 

2-36 

2-546 

2*64 



Form and size of the bays. As the bay is the space in- 
cluded between the bottom of the stream, the sides of the piers, 
and the soffit of the arch, it will chiefly depend on the form 
and dimensions of the last, as the piers are regulated by the 
size of the arches. 

The most usual forms of the intrados of cylindrical arches, 
are the full centre^ or semi-circle, in which the rise is equal 
to one half the span ; the segment archy which is formed of 
a circular arc less than a semi-circle, the rise being less than 
half the span ; and the oval^ or basket-handle arch, in which 
the rise ^s some fractional part of the span less than one half, 
and the general form of the curve is like the ellipse, the tan- 
gent to it at the springing line being vertical. 

The full centre (Fig. 67) is the oldest form of the cyUndri- 
cal arch ; it is of easy construction, and presents great soUdi- 
ty. The principal objection to it for bridges arises from its 
rise being equal to half its span, requiring either very small 
arches, or else, if large arches are used, of giving such a 
height to the road- way as to demand excessive embankments 
for the approaches ; or, if the road-way is lowered, to avoid 
heavy embankments, of offering a great obstruction to the 
stream, from the great width of the spandrels, or parts of the 
heads of the bridge above the piers. 
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The s^^ment arch presents the same objections as the full 

centre, unless the amplitude of the arc be small. In that case, 

(Fig. 68,) the springing lines of the arch may be placed near 

the high water line, thus procuring a wide water-way, and, 

at the same time, but slight embankments for the approaches. 

The slight convexity of the arch will, however, present less 

strength than the full centre, and will, moreover, cause a 

great pressure, or horizontcU thrust^ against the abutments of 

suj^rt. 

The oval arch (Pigs. 69 and 70) may be either an ellipse, 
or else a continuous curve formed of arcs of circles of un- 
equal radii which are tangent to each other. The latter is 
generally preferred to the ellipse, because the form of the 
arch stones can be more easily arranged, and with the same 
rise and span, it can be constructed to give a greater water- 
way than the ellipse. 

The oval arch may be described with three, or a greater 
odd number of centres. The number of centres will depend 
on the relation between the span and rise ; when the latter 
is one third, or a greater fractional part of the former, three 
centres may be used ; but if the rise is less than one third of 
the span, five or a greater number of centres must be taken, 
in order to obtain a curve of a pleasing form to the eye. 
(Noie 4) 

To give a greater water-way than the ellipse, the curve at 
the springing lines should include the ellipse, or, in other 
words, its curvature at those points should be less than that 
of the ellipse. To present sufficient strength throughout, the 
radius of the arc at the crown must not be greater than once 
and a half the span. With these conditions the oval arch 
will present all of the advantages, and none of the defects of 
the full centre arch. 

"With regard to the size of the arches, or the dimensions of 
the span and rise, so much will depend on local circum- 
stances that no positive rules can be laid down for them. 

For streams with a gentle current, which are not subject 
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to heavy freshets, small arches, or those of a medium size, 
may be adopted, because, even a considerable diminution of 
the natural water-way will not greatly affect the velocity un- 
der the bridge, and the foundations therefore will not be lia- 
ble to be undermined. The difficulty, moreover, of laying 
the foundations in streams of this character is generally very 
inconsiderable. For streams with a rapid current, and which 
are moreover subject to great freshets, large arches will be 
most suitable, in order to give a water-way as great as practi- 
cable, and to diminish the danger to the points of support, by 
placing as few in the stream as practicable. The size of the 
arches will also depend on the materials used in their con- 
struction. If they are of the first quality, large arches may 
be constructed with safety : if they are of an inferior quality, 
it will be most prudent to adopt small arches, or those of a 
medium span. 

It is usual to give the same rise and span to all the arches, 
and to place their springing lines on the scune level through- 
out. When this is done, the road-way and parapet wall of 
the bridge will be level throughout This arrangement is 
thought by some, to give a bolder appearance, and a more 
pleasing effect to the structure. It has the positive inconve- 
niences of requiring large embankments for the approaches, 
when the banks of the stream are low, and the rise of the 
arches is considerable ; and it prevents the road surface fi*om 
being as thoroughly drained as it would be, were there a lon- 
gitudinal slope each way from the middle to the extremities 
of the bridge. These inconveniences may be avoided by 
adopting arches of unequal dimensions which will admit of 
a suitable longitudinal slope ; or else, if the arches receive the 
same dimensions, by placing their springing lines lower from 
the centre to the extreme arches. 

The crown of the arches should be at least three feet above 
the water line of the highest freshets, in order to allow float- 
ing bodies, as trees, <fec., to pass through the bridge at those 
epochs. 
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Dimensions ftf the Arches. The length of the arches, ot 
the distance between the heads of the bridge, will depend on 
the breadth of the road- way, which is regulated like any 
other thoroughfare. The thickness of the arch at the crown^ 
or the depth of the key-stone, will depend on the horizontal 
thrust, which is dependent on the rise and span, {Note 6,) and 
on the strength of the stone used for the structure. It is dif- 
ficult to regulate this depth by calculation, owing to the 
practical difficulty of so constructing an arch that no settling 
shall take place at the crown, and that the joints of the 
TouaSK>irs shall remain in juxtaposition throughout, thereby 
preserving a uniform pressure over the entire surface of the 
joint. If this practical difficulty could be got over, it wotiM 
then only be necessary to give the key-stone such a depth that 
the surfiice of the joint should resist the pressure of the hori- 
zontal thrust, which depth is found by calculation to be much 
less than that allowed in practice. 

From eCn examination of a great number of existing bridges^ 
which have withstood, for some period back, all the usual 
causes of destructibility, it appears that the depth of the key- 
stone for medium sized arches need not be greater than two 
and a half feet, and for large arches not more than four feet. 
The ring courses may have a uniform depth throughout, ot 
they may increase or decrease in depth, from the key-stone to 
tfie springing lines, as the nature of the structure may seem 
to demand. 

Dimensions andforTu of Piers. As the horizontal thrust 
of the two half arches, on each side of a pier, counteract 
each other, the only effort that the pier will have to sustaii), 
will be that arising from the weight of the two half arches, 
and the accessory weight that may be placed over them on 
the road suriace. The thickness of the pier at top, or at 
the springing line, might therefore be only sufficient to sus- 
tain this pressure ; and it would, therefore, depend on the 
strength of the stone, and the depth of the ring courses if uni- 

19 
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form. The least thickness, therefore, shonld be twice the 
depth of the ring course. 

When calculated from these data, the thickness of the 
piers is found much below what is usually allowed in prac- 
tice ; because allowance must be made for the wear and tear 
of the exterior surface of the piers by the current, for shocks 
from floating bodies, for the mixed character of the mascmry, 
the exterior courses being usually of cut, and the interior of 
rubble stone, and finally for slovenly workmanship. 

The common practice, at present, is to give the same thick- 
ness to all the piers ; although some are in favor of forming 
what are termed abutment piersj that is, piers having suffi- 
cient thickness to resist alone the horizontal thrust of the 
arches, in order, should one arch give way, to prevent the 
others from yielding. This last plan is objectionable on ac- 
count of greatly diminishing the natural water-way, firom the 
large dimensions of the piers, and thereby endangering the 
foundations ; and also from a very considerable addition to 
the expense of the structure. Its advantages are the one 
just stated, and an economy in the centres, as each arch in 
this system may be finished separately, and one centre there- 
fore be made to serve for all if necessary. 

From an examination of a great number of the most cele- 
brated bridges, it appears, that the thickness of the piers at 
top (Fig. 67,ifcc.) varies between one-eighth and one-seventh 
of the span. The boldest structure of this character, which 
has existed for some period back, is the bridge of Neuilly, 
near Paris, built by Perronet, the most celebrated architect ot 
bridges of modern times. The thickness of its piers is one 
ninth of the span. 

The faces of the piers usually receive a slight batter to 
give them greater stability. This batter should not be greater 
than ten perpendicular to one base, and may approach as 
nearly a vertical as the character of the structure may seem 
to demand. 

The spread of the foundations will depend on the nature 
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of their bed ; the same rule being followed in their case as 
&T Other structures in masonry. The foundation courses 
(Fig. 67, d&c.) are carried up with o£^ts, from six to twelve 
inches in width, instead of a uniform batter. The object of 
the ofl^ts, is to afford firm points of support for the frame 
work of the centres. 

The projections of the ends of the piers, beyond the heads 
of the bridge, or the starlings, will depend on circumstances; 
nsoally, this projection is only half the thickness of the pier« 
The form of the starling may present either two plane sur- 
faees, (Fig. 71,) with an angle up or down stream ; or two 
curved surfisices, (Fig. 72,) with an angle in the same direc- 
tion ; or else its plan (Figs. 73 and 74) may be a semi-circle, 
or semi-ellipse. 

The object of the starling being to prevent ice, and other 
floating bodies, from damaging the head of the bridge, and to 
present the most suitable cut-water to prevent whirls, occa- 
sioned by the back-water, from undermining the foundations, 
its form should subserve both of these purposes. From vari- 
(His experiments it appears, that the semi-ellipse is the most 
suitable form for both purposes. 

The starlings, like the piers, receive a batter. This batter 
may be either in a right line, or the starling may receive 
a swell between the top and bottom like a column. In 
streams where the bridges are exposed to injury from the 
breaking up of the ice in the spring, it has been proposed to 
give the up-stream starlings a very considerable batter, there- 
by presenting an inclined plane, along which the ice would 
ascend, and breaking by its own weight, would pass through 
the arches. 

The starlings are carried up above the springing lines to 
the highest water line. They are finished usually at top by 
a flat conical surface, (Fig. 67, &c.,) formed of a single stone, 
which rests on a cushion stone, that projects beyond the face 
of the starling, and serves the purpose of a coping to throw 
the water clear of the face. This capping is termed the 
hood of the starling. 
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Arrangement of the facing of the bridge* The arrange* 
inent of the voiissoirs, and the horizontal courses of the star- 
lings and spandrels, requires some attention, to produce a 
pleasing architectural effect. This arrangement will depend 
on the curve of the intrados, and the materials used for the 
constructure. 

When the facing of the bridge is entirely of cut stone, the 
xnost usual arrangement consists (Fig. 69) in giving the 
TDUSSoirs near the springing lines unequal thicknesses, in 
order that the extremities of their joints may meet those of 
the horizontal courses of the starlings, which are of equal 
thickness throughout, thus presenting the appearance of a 
uniform connection between the arch and starlings. 

In some cases the same stone forms the voussoirs and a 
part of the horizontal course, making what is termed an elbouh 
joint. This arrangement is bad, except in very light arches, 
because the elbows are liable to crack from any settling of the 
arch. 

The arrangement of the spandrel courses with the voussoirs 
in oval arches (Figs. 69 and 70) will depend on the thickness 
of the blocks in each case. The top extremities of the 
voussoirs are cut to form a part of the horizontal and vertical 
joints of the spandrel courses. 

In very flat segment arches, (Fig. 68,) where the depth of 
the spandrel is pot great, the voussoirs may be contiuued to 
the cornice of the bridge. 

In bridges of mixed masonry, where the ring courses are 
of cut stone and the spandrels of rubble, or brick, (Fig. 67,) 
the voussoirs receive either a uniform depth, or else are made 
alternately of unequal depths, according to the taste of the 
architect. 

Superstructure. A cornice is placed on a level with the 
top of the key-stone, to serve as a coping, to protect the 
facing below it from the rain. The form and projection of 
the cornice will depend on the height of the bridge, and the 
style of its architecture. In small bridges of a common 
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character the cornice should consist simply of a projecting 
coping, with, at most, a simple supporting moulding beneath. 
In large bridges, a cornice composed of several members, or 
mouldings, with supporting modillions, (Fig. 75,) may be re- 
quired. The top and bottom surfaces of the cornice should 
be of a suitable form to throw the water from the facing. 

A parapet wall is placed above the cornice to secure vehi- 
cles and foot passengers from accidents. It is formed of two 
or more courses, (Fig. 75,) the top course being rounded at 
top, and the blocks being secured from accidents, either by 
means of iron or copper clamps, or else by a mortise or dove- 
tail joint. In highly finished bridges, a stone ballustrade has 
been used instead of the ordinary parapet wall. (Fig. 77.) 

The height of the parapet wall above the foot-path need 
not be more than four feet ; its thickness may be from one to 
two feet 

Style of Architecture. The character of the style of archi- 
tecture most suitable for bridges will depend, to a certain ex- 
tent, on the locality ; bridges in cities, near buildings of a 
sumptuous character, requiring, evidently, a more ornate 
style than those in rustic, or other localities. But the charac- 
ter of the ornaments must be suitable to the purposes to which 
they are supposed to be applied, and also to the objectand gene-* 
ral character of the structure itself. As the object of a bridge 
is to bear heavy loads, and to withstand severe shocks, its 
general character should be that of strength, and it should 
therefore present a massive appearance. Whatever then does 
not add to this character of strength, and at the same time ia 
not of obvious utility, should be rejected as superfluous and 
unsuitable. From these principles it will obviously appear, 
that a suitable and an agreeable form given to the starlings, a 
proper combination of the voussoirs and spandrel courses, 
and a handsome projecting cornice with a plain parapet, are 
all that can be attempted in the way of ornament, without 
detracting from that general appearance of strength which 
is the most suitable characteristic of such structures. 
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In some modern bridges small columns with an entabla,- 
tare have been placed above the starlings ; an arrangement 
which is obviously of no possible utility, for the mind is left 
in doubt whether the columns have been added for the en- 
tablature, or the latter for the columns. Besides this, the effect 
of the broad plane masses of the spandrels, which by them- 
selves present a massive form, is destroyed by these small 
ornaments, which are not in character, even in size, with the 
rest of the structure. The architectural effect produced by 
a level bridge is considered, by some, as a great beauty, frcmi 
its giving a character of great boldness to the structure ; but 
this beauty rests on rather contestable grounds, for a struc- 
ture, whose principal character is strength, should not only 
be solid, but should appear so ; and there can be no doubt 
that to the eye, a bridge, which rises from the two extremities 
*to the middle, presents an appearance of more security than 
one on a dead level throughout. 

McLSonry of the Bridge, The same principles apply to 
this branch of the construction of bridges as have been laid 
down for structures of masonry in general, both as regards 
the foundations and the superstructure. 

The facings of the piers and abutments in large arches 
(Fig. 20) should be of cut stone : in other cases, the ends, or 
other parts most exposed to shocks from floating bodies, may 
alone be of cut stone. The filling in, for both cases, may be 
of good rubble, laid with care in full mortar, and grouted. 
The top course of the piers and abutments, upon which the 
arches immediately rest, should be of cut stone in large blocks, 
well clamped and bonded. 

The form and dimensions of the abutments are different 
from the piers, as they sustain not only the weight of half 
of the extreme arches, but also the horizontal thrust of those 
arches. Their thickness {Note 6) should therefore be regu- 
lated to counteract this thrust, whose tendency is to cause the 
abutments to yield, either by sliding on the bed of the foun- 
dation, or by oversetting around the exterior foot of the foun- 
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dation. Besides this thickness, buttresses^ or counterforts^ 
(1%. 76,) are added to the abutments of large arches, where 
the horizontal thrust is very great. A buttress is placed at 
each end of the abutment, and one, in some cases, in the 
middle. 

The voussoifs should be laid with great care, and the open 
joints at the back be well wedged with slate and grout. 
The spandrels (Fig. 20) between the head walls should be 
constructed either of hammered stone, or of the best rubble, 
in order to obtain a very compact mass between the vous- 
soirs of the two contiguous arches. This interior mass is 
usually built up to a height of one fourth of the rise above 
the piers. This height should be regulated by the form and 
dimensions of the arches, and the greater or less strength 
vhich they will demand at this point. In some modern 
bridges this interior mass is built of cut stone, (Fig. 77,) the 
lower courses being horizontal, and the top course an invert- 
ed arch. There seems to be an excess of precaution in this 
arrangement, as, in the ordinary form of cylindrical arches, 
there will be, if any, but a very slight tendency to throw up 
the horizontal courses. 

The backing of the arch (Fig. 20) is usually finished off 
with a plane surface ; the capping of two contiguous arches 
forming a gutter over the piers, where the water which filters 
through the road-way, is received, to be conveyed off by an 
iron conduit, leading through the arch itself to the soffit, or 
else through the mass of the pier to the low water level. 
The latter is the more recent arrangement, and is considered 
Ae best, as the masonry is not exposed to injury from the 
water trickling along its surface. 

In^some cases (Fig. 77) the surface of the backing is curved. 
The masonry of the backing is usually of rubble laid with 
extreme care to obtain an impermeable mass. The capping 
(Fig. 20) is formed of the best hydraulic mortar prepared as 
for flash pointing. 

The facing of the head walls is usually of cut stone, 
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and the backing of rubble, or brick masonry. The blocks 
of the cornice, when practicable, should be each of a 
single stone, and the joint between the cornice and lowest 
course of the parapet wall should be above the level of the 
foot-path, to secure the mortar at the joint, from injury from 
the water, which may collect on the foot-path. 

The thickness of the head walls will depend on the con- 
struction used to sustain the road-way. The ordinary me- 
thod, in most of the old bridges, was to fill in between the head 
walls with earth or rubbish. When this is done, the head 
walls should be regulated to* sustain the pressure of the earth 
resting against them. In the bridges of recent construction 
the road-way usually rests on a flooring of large flagging stone, 
or one of rubble or brick masonry, supported beneath either 
by a system of walls parallel to the head walls, or by a sys- 
tem of groined arches. The latter system (Fig. 78) is used 
when the road-way rests on a flooring of masonry, and the 
former, (Fig. 78,) when flagging stones are used for the same 
purpose. The object of this construction is chiefly to re- 
lieve the piers of the weight of a mass of heavy materials, 
which is often desirablel when the subsoil of the founda- 
tions is not very firm. It is most serviceable in arches where 
the rise is great. The head walls in this case being relieved 
from all lateral thrust, except a comparatively small one when 
groined arches are used, may be less thick than when they 
sustain the pressure of the filling in of earth, and they may, 
therefore, be regulated as in ordinary structures, an allow- 
ance, however, being made both for their not receiving any 
lateral support, and for the shocks to which they are exposed 
from floating bodies, and the passage of heavy vehicles over 
the bridge. It is usual in practice to give the head walls a 
mean thickness of one fifth of their height. 

Approaches. The arrangement of the extremities of the 
bridge will depend on the directions of the lines of approach 
to them ; the width and the position of the road surface with 
respect to the natural surface of the ground ; and the locali- 
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ty. The principal objects to be kept in view are, to make the 
ettiemities of easy and safe access to vehicles, and to place 
as little obstruction as practicable, to the navigation under 
the extreme arches. 

In small unimportant bridges, where the approach is direct, 
and of the same width as the bridge, and the road surface is 
but slightly raised above the natural surface, the simplest ar^ 
rangement will be to prolong the head wails (Fig. 79) so far 
into the embankment of the approach that the foot of the em- 
bankment towards the river shall be thrown back two or three 
feet from the top of the river bank. The side slope of the 
embankment, adjoining the bridge, is rounded off to form a 
conical surface, which is usually faced with dry stone, or 
with sods. 

When there are several lines of approach, or when a single 
approach is wider than the bridge, and the road surface is 
above the natural surface, it will be necessary to widen the 
access to the bridge, and to sustain the embankments, where 
they join the bridge, by building walls from the bridge, which 
are termed wing-walls. 

The simplest arrangement of a wing-wall consists in pro- 
fenging the head wall (Fig. 80) gradually outwards, in the 
form of an arch, as far as the outward edge of the embank- 
ment, and from this point giving its top surface the same 
slope downwards as the side slope of the embankment. The 
parapet wall is also prolonged to the outward edge of the 
road surface. 

The more ordinary arrangement of a wing- wall consists 
in building a strait wall, (Fig. 81,) making an angle, or 
flare, with the head wall, ^ The top of this wall is continued 
on a level with the road surface to its exterior edge ; from this 
point it receives the same slope as the side slope of the em- 
bankment. The parapet wall is arranged as in the preceding 
case. 

As the wing- walls sustain a heavy pressure from the em- 
bankments, they should receive a batter, regulated like other 

20 
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sustaining walls, {Note 6,) and their thickness should be suf- 
ficient to resist the action of this pressure. The facing of the 
wall may be of cut stone, and the backing of rubble or brick 
masonry. The sloping top surface should be covered with a 
coping arranged in the manner that has been laid down for 
walls with a great batter. The extremity of the wall, at the 
foot of the embankment, should be terminated with a buttress 
or newelj formed of heavy blocks of stone. 

The preceding are the most ordinary arrangements of 
wing-walls. Other arrangements (Fig. 82) of a more compli- 
cated character will depend on the nature of the locaUty, and 
will demand a particular study. 

' Where the navigation of the river is partly effected by tow- 
ing, an arrangement must be made to carry the tow-path 
either under the extreme arch, through its abutmeht, or over 
the road surface of the approach. If the arch is a flat seg- 
ment arch, the tow-path may, in most cases, be carried under 
it. With full centres and oval arches it will be necessary to 
form an arched opening through the abutment for the tow- 
path, unless the access from the river bank to the road sur- 
face of the approach is so easy as to present no obstruction to 
passing from one side of the bridge to the other. 

Water- Wings. To secure the river banks near the 
bridge from the action of the current, and to prevent the 
foundations of the abutments from being undermined, the 
banks should be faced with a revetment of dry stone, and an 
enrockment should be made around the abutment. In some 
cases it may be necessary to secure the foot of each of these 
constructions by a row of piles, or of sheeting piles, which 
will serve the double purpose of preventing the current from 
undermining the foot, and of sustaining the pressure of the 
facing and the earth behind it. These structures are termed 
water-wings. When the abutments project into the stream, 
the water-wings should gradually narrow the width of the 
stream from some point on the banks above the bridge to the 
face of the abutment. 
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Enlarg-emeni of Water- Way. As the obstruction to the 
passage of the water daring fireshetsis very great in the full 
centre and oval arches, owing to the size of the spandrels^ 
attempts have beoi made to remedy this defect. For the 
bridge is greatly exposed at these epochs from the pressure 
of the water against the head, from its upward pressure 
against the soffit of the arch, and from the decreased weight 
of the bridge due to the difference of the specific gravity of 
its materials and water. The means which have been lesort- 
ed to for this purpose consist either in enlarging the water- 
way at the heads, in order to accommodate it to the contrac- 
tion of the fluid vein ; or in forming an additional water-way 
of a cylindrical form through the spandrel spaces. The for- 
mer method has been applied to some of the French bridges, 
and consists, simply, (Figs. 70 and 83,) in removing a portion 
of the masonry which forms the edge between the sotfit of the 
arch and the facing of the head walls, thus forming a new 
surface suitable to the object in view. The latter method is 
found in some of the old bridges, and is nothing more than 
an arched conduit of brick or stone through the spandrel 
spaces. 

Centres of the Arch. The wooden frame by which the 
arch stones are supported, during the construction of the 
arch, is termed a centre. 

The centre is an indispensable accessary in the construc- 
tion of an arch, because the voussoirs will not be retained in 
a state of equilibrium, by the friction along their beds, beyond 
a certain inclination of the bed to the horizon ; which limit 
is found by ascertaining the angle of friction for each kind of 
material. 

For ordinary cut stone, laid dry, the angle, of friction is 
30° with the horizon ; if laid in thin tempered mortar, the 
angle of friction will be between 34° and 36° ; and for very 
porous stones, laid in full mortar, it will be nearly 45°. The 
voussoirs, {Note 7,) therefore, above the joint whose inclinar 
tion is the same as the angle of fricton must be supported b^ 
a centre until the key stone is laid. 
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Centres for small light arches (Fig. 84) usually consist of 
several light frames, made of plank in two or more thickness 
solidly nailed together, shaped on th6 exterior like the curve 
of the intrados, and which are covered by horizontal strips 
of boards, upon which the voussoirs rest. The frames are 
termed ribSf and the horizontal strips bolsters. Each thick- 
ness of the rib may be formed of two or more pieces of plank 
abutting end to end, the pieces of one thickness breaking 
joints with those of the other. 

Centres for large heavy arches require to be framed of 
heavy timber. The frame consists, as in the preceding case, 
of several ribs, shaped on the back to the form of the intra- 
dos, and of bolsters of scantling. 

The frame of a rib consists, essentially, of several strong 
pieces of timber, which abut end to end, and are shaped to 
the form of the intrados ; these are supported by inclined 
pieces, or struts, that rest on points of support, either at the 
foundations, or on the ground between the piers, as may be 
most convenient. The struts are prevented from yielding in 
a. lateral direction by braces. 

The same principles apply to the framing of centres as for 
other heavy structures of timber. Two points, however, re- 
qure peculiar care in centres : the whole frame should be 
perfectly stiff, in order that it may undergo no other change, 
from the pressure of the arch, than what must arise from the 
elasticity of the wood ; and the connection of the pieces 
should be of the simplest character, in order that the frame 
may be readily set up and taken apart. 

The arrangement of the struts and braces will depend on 
the position of the points of support ; and as these may be 
either at the foot of the piers, or at intermediate points be- 
tween them, the systems of centering may be divided into two 
classes. 

For the first class, where there are intermediate points of 
support, the curved parts, (Fig. 86) which receive the bolsters, 
are supported by struts. The struts are normal, or perpendicu- 
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lar, to the curve of the intrados, and rest on a horizontal beam 
which is sapponed beneath by props or shores. The shores 
are uprights which rest on the points of support. Any tenden- 
cy to lateral flexure in the struts may be counteracted by 
braces, formed of pieces which are notched on the struts, 
and are bolted together in pairs, so as to clamp the struts 
between them. 

For the second class, the points of support, on which the 
stmts immediately rest, are formed by placing a beam on each 
side of the arch, in a horizontal, or an inclined position, near 
the joint which makes the angle of friction ; this beam being 
supported beneath by props, which rest on the offsets oT the 
foundations. The arrangement of the struts may be either 
the one shown in Fig. 86, in which one end of each strut 
rests on the beam, whilst the other end rests against a horizon- 
tal beam placed between the corresponding struts on each 
side of the arch ; or a strong frame, (Fig. 87,) consisting of 
two struts and a horizontal beam, may be set up on the points 
of support to receive the ends of the struts which support 
the curved pieces ; or finally (Fig. 77) the end of each strut 
may rest on one point of support, whilst the other end rests 
against the end of another strut, sustained by the opposite 
point of support. 

In centres of the first class, the frame of the rib will re- 
main in a state of stable equilibrium in whatever way the 
courses of the voussoirs may be carried up ; for the pressure, 
which is normal to the intrados, being directly transmitted 
by struts to the points of support, will have no tendency to 
change the shape of the frame, except what arises from the 
compression of the fibres. 

In the second class, the two first systems will be in a state 
of equilibrium only when the courses of the voussoirs are car- 
ried up regularly on both sides of the arch at once ; for, other^ 
wise, the opposite pressures, in the direction of the horizontal 
beams, being unequal, and not transmitted directly to the 
points of support, will have a tendency to change the form of 
the frame. In the last system, (Fig. 77) the pressure at 
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each point being directly transmitted to the {)oint of support, 
there will be no tendency to a change of form, in whatevei 
way the voussoirs are carried up. 

The braces used for the second class ^nerally consist of 
pieces normal to the intrados, which are notched on the 
struts and horizontal beams, and are bolted together in pairs. 

The frame of each rib for large arches usually consists of 
two distinct parts : the one fixed, the other movable. The 
fixed part (Figs. 77 and 88) is composed of the beams whick 
form the point of support, with their shores ; the movable part 
is the portion of the rib above these beams, which is so ar- 
ranged that it can be slightly raised or lowered as circum- 
stances may require. The means used, to effect this purpose, 
consist in forming indents, or steps, on the upper sur&ce of 
the beam which rests immediately on the shores, to re- 
ceive another movable beam, the top and bottom sur£su:es of 
which are formed into indents, corresponding to those in 
the fixed bottom beam, and which give the movable beam 
a wedge-like shape. Another beam, of the same, size and 
shape as the fixed bottom beam, the bottom surface of which 
is indented to fit the top of the movable wedge, is laid on the 
movable wedge ; and the end of the struts either rest imme- 
diately, on the top of this last beam, or else are received into 
a cast iron socket which is fastened to it. 

By this simple arrangement it is evident that the movable 
part of the centre can be lowered by driving back the movable 
wedge, or can be raised by the reverse operation. As 
the arrangement is principally serviceable in taking down, or 
striking the centre, the indented beams are termed the 
striking plates. The surfaces of the plates, in contact, may 
be covered with copper, or some other metal, and be kept 
well greased, to facilitate the operation of striking the centre. 
A striking plate is placed at the point of support for each 
rib, or else all the ribs may rest on several striking plates, 
which run the entire length of the arch between the heads. 
The latter is considered the safer arrangement, as accidents 
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might happen to the workmen under the arch should the 
frame work give way in the act of striking. 

The wedges are driven back by mauls, handled by men ; 
or, if this method should prove insuj£cient, or its effects be 
too irregular, a heavy beam may be suspended from the 
crown of the centre, and suj£cient momentum be given to it, 
by a motion of oscillation, to drive the wedges back eqOally. 

The parts of each rib (Figs. 77 and 88) are firmly con- 
nected by means of iron bolts and straps ; and, wherever it 
may be necessary; by joints of the strongest and simplest 
forms. A rib is placed under each exterior ring course; 
and intermediate ribs are placed, from four to six feet apart, 
according to the weight of the arch, and the strength of the 
bolsters and ribs. The ribs are connected by horizontal ties, 
running the entire length of the arch, which are notched on 
the braces and struts, and are bolted in pairs like clamping 
pieces. Besides the ties, diagonal braces are placed between 
each pair of ribs to counteract any tendency to warphig late- 
rally. 

WOODEN BRIDGES. 

A wooden bridge is composed of three distinct parts; 
}st. The points of support of the superstructure : 2d. The 
frame work which sustains the road-way : 3d. The road- 
way. 

The points of support for the superstructure, which are the 
abutments and piers, are formed either of wood or of stone ; 
the choice of the two systems depending, principally, on the 
character of the stream, and the nature of the bed. Stone 
piers and abutments are generally preferable to those of wood, 
from being of a less perishable nature, and offering more re- 
sistance to floating bodies and the action of freshets. 

The general arrangement of the stone piers and abutments 
(Fig. 89) of wooden bridges differs in nothing, except in a 
few details , required by the character of the superstructure, 
from those of the stone bridges. The starlings are carried 
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up above the level of the highest water, and the portion of 
the supports above them, on which the road-way rests, is a 
simple pillar with plane faces. The lowest points of the frame 
work, abutting against the {hilars, should be above the leVel 
of the highest water, to preserve the wood work from de- 
cay, arising from exposure to alternate dryness and moisture. 

Wooden abutments may be formed by constructing what 
is termed a crib-work^ which consists of large pieces of square 
timber laid horizontally over each other, to form the upright or 
sloping faces of the abutment. These pieces are halved into 
each other at the angles, and are otherwise firmly connected 
together by iron bolts. The space enclosed by the crib- 
work, which is usually built up in the manner just described 
only on three sides, is filled with earth carefully rammed, or 
with dry stone, as circumstances may seem to require. 

A wooden abutment of a more economical construction may 
be made, by partly imbedding large pieces of timber placed 
in a vertical, or an inclined position, at intervals of about 
four feet from each other, and forming the facing to sustain 
the earth behind the abutment of thick plank. Wooden 
piers may also be made according to either of the methods 
here laid down, and be filled with loose stone, to give them 
sufiicient stability to resist the forces to which they may be 
exposed ; but the method is very clumsy, and is inferior, un- 
der every point of view, to stone piers, or to the methods 
which are about to be explained. 

The simplest arrangement of a wooden pier consists (Figr 
90) in partly imbedding large pieces of timber, which are 
placed in a vertical position from two to four feet apart 
These upright pieces are connected at top by a horizontal 
beam, termed a cap, which is either mortised to receive a 
tenon made in each upright, or else is fastened to the up- 
rights by bolts or pins. Other pieces, which are notched and 
bolted in pairs on the uprights, are placed in an inclined, or 
diagonal position, to brace the whole system firmly. The 
several uprights of the pier are placed in the direction of the 
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thread of the current. If thoufirht necessary, two horizontal 
beams, arranged like the diagonal pieces, may be addod to 
the system just below the lowest water level. In a pier of 
this kind, the place of the starlings is supplied by two In- 
clined beams on the same line with the uprightH, which are 
termed fender-beams. 

A very capital objection to the system just (Icscribod, armsn 
from the difficulty of replacing the uprights when in a Ntat6 
of decay. To remedy this defect, it has l>cen propoHod to 
drive large piles in the positions to be occupied by tho up- 
rights, (Fig. 91,) to connect these piles b(;low tho low wntnr 
level by four horizontal beams firmly funtened to the Umdn 
of the piles, which are sawed off at a projKjr height to r«' 
ceive the horizontal beams. The two top Ihuuuh nrt^ fir- 
ranged with large square mortises to receive the (}rid« ofthd 
uprights, which rest on those of the piles. The rewt of tho 
system may be arranged as in the former cn»e. Hy the ar- 
rangement here explained two points are gained ; the ilj)- 
rights, when decayed, can be readily replaced, and they 
rest on a solid substructure not subject to diuttiy ; «horte»r 
timber can be used for the piers than when the uprights are 
driven into the bed of the stream. 

In deep water, and especially in a rapid current, it is 
thought that a single row of piles would prove insufficient to 
give stability to the uprights ; and it has therefore been pro- 
posed to give a sufficient spread to the substructure to admit 
of bracing the uprights in two directions, that is, to add, be- 
sides the diagonal braces already described, stmts on each of 
the other sides. To effect this, three piles (Fig. 92) should 
be driven for each upright ; one just under its position, and 
the other two on each side of this, on a line perpendicular to 
that of the pier. The distance between the three piles will 
depend on the inclination and length that it may be deemed 
necessary to give the struts. The heads of the three piles of 
each upright are sawed oS, and connected by two horizontal 
clamping pieoes balow the ^west water level. A square wpr- 

21 
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tise is left in these two pieces, over the middle pile, to receivi 
the uprights. The uprights are fastened tc^ther at the bot- 



tom by two clamping pieces, which rest on those of the headas. 
of the piles, and are rendered more stable by the two strats* 

In localities where piles cannot be driven, the uprights o 
the piers may be secured to the bottom by means of a gril- 
lage, arranged in a suitable manner to receive the ends of th& 
uprights. The bed, on which the grillage is to rest, having- 
been suitably prepared, the grillage is floated to its position, 
and sunk either before or after the uprights are arranged to 
it, as may be found most convenient The grillage is retain- 
ed in its place by an enrockment. As a fartlier security for 
the stability of the piers, the uprights may be covered by a 
sheeting of boards, and the spaces between the sheeting be 
filled in with gravel. 

As Wooden piers are not of a suitable form to resist heavy 
shocks, ice-breakers should be placed in the stream, opposite 
to each pier, and at some distance from it. In streams with 
a gentle current, a simple inclined beam (Fig. 93) covered 
with thick sheet iron, and supported by uprights and diago- 
nal pieces, will be all that is necessary for an ice-breaker. 
But in rapid currents a crib-work, having the form of a trian- 
gular pyramid, (Fig. 94) the up-stream edge of which is co- 
vered with sheet iron, will be required to olfer sufficient re- 
sistance to shocks. The crib-work may be filled in, if it be 
deemed advisable, with loose blocks of stone. 

Prames, In no branch of constructions has more di- 
versity of arrangement, or greater boldness of design been 
shown, than in the frames of wooden bridges. Wherever in- 
genious practical carpenters have been found, structures of 
this kind have been raised, which, for judicious arrangement 
throughout, have called forth the admiration of the most sci- 
entific. Our own country can produce many very remark- 
able wooden bridges which have gained even an European 
celebrity. 

Whatever, however, of apparent diversity may seem to ex- 



CIV^IL ENGINEKRING. 163 

ist in the great number of wooden bridges, they can all be 
reduced to two general classes ; each of which admit of two 
subdivisions. In the first class may be placed all the combi- 
nations which are composed of straight timber; and in the 
second those which form wooden arches. The subdivisions 
of each arise from the position of tlic road-way ; it may 
either rest on the frame, or else be suspended from it. 

fHrst Class. The simplest arrangement of the first sub- 
division of this class consists (Fig. 95) in a system of longi- 
tudinal beams termed sleepers^ or strivg pieces^ laid parallel 
to the axis of the road-way. They are slightly notched ou 
the caps of the piers, and ajre fastened to them with bolts. 
The sleepers receive the cross joists of the road-way on 
which the boards and other road covering arc laid. The 
distance between the sleepers will depend on their strength, 
and on that of the cross joists. It will seldom admit of being 
over six feet. This system can seldom be used with safety 
for a carriage road where the width of the bays is over 
twelve feet. 

In bays of twelve to twenty feet wide, short pieces, termed 
corbelsj (Fig. 96,) must be placed on the caps of the piers. 
The sleepers rest on the corbels, which serve the purpose of 
diminishing the bearing which may be considered in this 
case as the distance between the ends of the corbels. 

When the bay is over twenty feet wide, the corbels will 
be subject to spring, or bend downwards, if made sufiiciently 
long to give an eflectual support to the sleepers ; they must 
therefore, in this case, be strengthened by' struts (Fig. 97) 
mortised into them near their ends, and abutting against the 
uprights of the piers. This method may be used for bays 
thirty feet wide. 

Beyond thirty feet, and within forty, it will be better to 
replace the corbels by a beam placed under the middle por- 
tion of the sleepers, which is termed a straining' beam. The 
straining beam (Fig. 98) is sustained by two struts which 
abut against it. The struts in this system may be so long 



164 ELCMEXTART COURSE OF 



as to be liable to sag, or bend downwaids ; to prevent which, 
inclined clamping pieces, termed stirrup pieces, are fiustened 
to them and to the string pieces. 

For bays above forty feet, it will be necessary to nse both 
corbek and straining beams, (Pig. 99,) with a snitaUe com- 
bination of stmts and stirmp pieces. The struts in this case 
may be parallel to each other, or not, as may be found most 
suitable ; the angle, however, between them and the straining 
beam should not be greater than 150^, to give sufficient 
stabiUty to the system. 

The simplest arrangement of the frames in the second 
subdivision consists (Fig. 100) in a horizontal sleeper, termed 
a tie-beam, the extremities of which rest on the points of 
support of two inclined pieces, which are mortised into the 
tie beam near the points of support ; and abut end to end at 
the other extremities, or else against an upright, termed a 
king-post, placed at the middle of a tie beam, to which it is 
festened by a stirrup of iron, or by a tenon and mortise. The 
cross joists are laid on the tie beams, and with it are sus- 
pended from the inclined pieces, by the intermedium of the 
king-post. This last piece may also be made like the ordi- 
nary stirrup-pieces, being notched on the tie-beam. A com- 
bination of this kind cannot be well arranged for bays over 
forty feet in width. 

For bays between forty and one hundred feet, a similar sys- 
tem (Fig. 101) may be arranged, by placing a straining beam 
between the upper ends of the inclined pieces, and suspending 
the tic-beam and road-way from these points by two stirrup 
pieces, termed queen-posts. It will be necessary in widths 
over forty feet to place diagonal braces in the space between 
the queen-posts, stirrup pieces, and tie-beam. 

When the bay is over one hundred feet, a longitudinal 
beam (Fig. 102) is placed at top parallel to the tie-beam, and 
at a suitable distance from it, several inclined pieces abut 
against several straining beams placed under this longitudi- 
nal beam, and stirrup pieces are placed at all the points of 
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junction between the inclined and straining pieces. This 
combination may be extended to very wide bays. It is the 
same as that used for the celebrated bridge of Schaffhausen, 
one of the bays of which was 193 feet span. 

Another combination of straight pieces for wide bays, con- 
sists of a large built-beam, as described under the head of 
carpentry, which is formed of two parallel built-beams, firmly 
secured in their places by uprights and diagonal braces ; or 
else simply of a series of diagonal pieces placed close together, 
and firmly secured to each other, forming a kind of lattice 
vork. Each of ttiese systems is now in extensive use in our 
country. The road-way in these systems may be placed 
either at top, at bottom, or at any intermediate point between 
these two. 

In frames belonging to this subdivision, not more than four 
frames, or ribs, can be set up for the road- way ; two exte- 
rior, and one or two interior, dividing the total width into two 
eqaal parts, each of which may be only wide enough for the 
passage of one carriage and for foot passengers. 

Second class. The simplest arrangement of the frames of 
this class consists (Fig. 1 03) in slightly bending a large beam, 
and confining it in this state between two fixed points of sup- 
port, so that it may be made to support the middle point of 
the sleepers for the cross joists. This system may be applied 
to bays from twenty to forty feet wide, where timber of suf- 
ficient dimensions can be procured. 

The most usual form of wooden arches consists (Fig. 89) 
in making the arch of several concentric courses of timber 
bent to a suitable curvature ; the different courses being 
firmly united by keys of hard wood, and stirrups, or hoops of 
iron. The sleepers rest on the crown of the arch, and are 
supported, between this point and their extremities, by verti- 
cal or inclined stirrup pieces, which transmit their weight 
and that of the road- way to the arch. 

The position of the stirrup pieces is not a matter of indif- 
ference ; the upright, or vertical position, being superior to the 
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inclined, in which the pieces are perpendicular to the arch ; 
for, in this last position, the inclined pieces not only transmit 
the Tertical weight of the road-way to the arch^ but also 
a horizontal compression. This compression is caused by 
the tension on the sleepers, which acting on the upper ends of 
the stirrup pieces, causes an equal action on the arch at 
their lower extremities. Besides this, the crown of the arch 
is subjected to a greater portion of the weight of the bridge 
when the pieces are inclined, than when they are in a vertical 
position ; and as this part is the weakest, it will therefore re- 
quire additional strength to resist this additional pressure. 

The arch may be relieved of a portion of the weight of the 
road- way by inclined pieces or struts, which abut against 
the points of support, and sustain the weight on the portions 
of the sleepers nearest those points. This arrangement, 
which is very judicious, can be made when the road-way 
rests on the arch. {Note 8.) 

For very large spans the arch may be formed of two con- 
centric built beams, united by cross stirrup pieces and diago- 
nal braces. 

The second subdivision of this class embraces those cases 
where the sleepers and road- way are suspended from the arch 
by upright stirrup pieces of wood or wrought iron. Each 
arch in these cases may abut against two fixed points of sup- 
port, (Fig. 104) ; in which case the sleepers may be either 
on a level with the poiuts of support, or else be suspended 
at some point above them ; or the arches may be let into 
the sleepers near their extremities. The sleepers in this 
last arrangement, (Fig. 105,) acting as ties, must either be 
of one entire length, or be formed of a strong built beam, ar- 
ranged with indents, or with wooden keys and iron fasten- 
ings. In this subdivision, the road-way must be divided 
into two paths by one or two arches which rise in the centre 
of it. 

Wooden arches may be made to span very wide bays ; but 
in general it would be well to restrict the span to 300 feet, 
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and for streams over this width, to divide the space into two or 
more bays, as circumstances may point out. 

The arran^ment of the frame work of such considerable 
structures requires great judgment, skill, and care, on the part 
of the engineer. Simplicity should be regarded as an essen- 
tial condition, so that any part may be easily taken out, and 
be replaced, withoiit deranging the rest. The points where 
the fhiines rest against the support should be above the highest 
water level, to preserve the essential parts from decay ; and it 
would be a judicious arrangement to leave an open joint be- 
tween all the courses of built beams, or other heavy essential 
parts, which rest on each other, and are connected by 
bolts or hoops, to allow a free circulation of air around the* 
pieces, and prevent the accumulation of moisture between 
them. 

The different ribs must be firmly connected by horizontal 
ties, formed as clamping pieces, which are bolted in pairs to 
the frames, and by diagonal braces, to prevent lateral motion, 
caused by the action of the wind, or the warping of the 
frames. 

Road-way. The road-way is variously formed, according 
to the greater or less care which it may be deemed necessary 
to bestow on the structure. The best arrangement consists 
in laying a system of cross joists on the sleepers, to receive a 
flooring of thick boards on which the road covering rests. 
The joists are slightly notched on the sleepers, and if the 
road covering is intended to be of plank, a second thick- 
ness of boards is nailed across the first to form the road 
surface. 

The foot-paths (Fig. 106) receive a necessary elevation 
above the road surface, and consist simply of a common 
flooring of boards laid on joists. 

The parapet of the bridge may consist of a simple hand 
railing supported on uprights, and braced by inclined pieces, 
or else something of a more ornamental character may be 
arranged either of wood or iron, according to the locality* 
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The principal objectioa to wooden bridges arises from the 
perishable nature of the material. As this objection applies only 
to structures which are alternately exposed to nx>isture and 
dryness, a remedy may be readily found in covering the 
bridge with a roof and sides of shingles, or with the com- 
mon weather-boarding of frame houses. In bridges^ where 
the road-way rests on the frames, some difficulty might arise 
in arranging the roof, but a substitute could be found for it, 
by covering the planking of the road-way with a noetallic 
covering, to protect the frames at top, and by covering the 
sides in the ordinary way. Besides these conservative means, 
the parts of the structure most exposed should be covered 
with paint, pitch, or any other coating which nwiy be fcHind 
most efficacious. 

RAIL ROADS. 

It was shown in treating the subject of common roads, 
that a great portion of the resistance to the force of traction 
arose from the friction and shocks occasioned by the inequa- 
lities of the road surface ; and as these causes of retardation 
to the motion of vehicles are found, in a greater or less de- 
gree, in all ordinary road coverings, it seemed natural to seek 
a remedy for them by trying some other material not liable 
to the same objections. Various means have accordingly 
been tried, with greater or less success ; in some cases a way 
or tracks has been prepared for each wheel to roll on, formed 
of long narrow blocks of stone, presenting a uniform even 
surface ; in others, large beams of timber have been applied 
in a similar manner, with an occasional coating of sheet iron 
on the surface, where the wear and tear was greatest ; finally, 
iron was substituted for wood, and that system of road cover- 
ing, now so well known as the railroad, resulted from this 
last improvement. 

A rail -road consists, then, of two ways, or tracks, for the 
carriage wheels, the surfaces of which are slightly raised 
above the general surface of the road-way ; the rails of each 
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track being firmly attached to solid supports, imbedded below 
the road-way surfiice. 

F^&rm and material of Rails. The first attempts made 
in this kind of road covering were with cast iron rails, termed 
the iram or plate rail, the cross section of which presented 
a bed, or plate, of sufficient width to receive the wheel, with 
a raised edge, cast on the exterior edge of the plate, to confine 
the wheel to the track. This plan was found to be subject- 
ed to several inconveniences, not the least of which arose 
from the mnd thrown on the plate, and which suggested the 
idea of what is termed the edge rail. The form first adopted 
for the edge rail consisted in a cast iron bar three (vet long, 
which, in side elevation, presented a semi-ellipse, the cross 
sectionof which was of the form presented in Fig. 109. This 
form was found better than the tram rail, as the wliool was 
made with a suitable tire to run on the track with safety ; but 
it was observed to have several defects, arising from the na- 
ture of the material itself These were, principally, in the 
great liability of the rails to break ; the great number of 
joints ; the difficulty of uniting the rails so firmly at their 
ends as to preserve a uniform surface for the track; and, 
finally, the wear and tear at the surface, which was observed 
to be very uneven so soon as the hard exterior of the surface 
was worn off. These defects led to experiments on rails of 
wrought iron, which resulted completely in their favor, under 
every point of view, and in the rejection of cast iron. 

Thewrought iron rails are all formed on the edge rail plan, 
and are made of rolled iron, fashioned by machinery suitably 
arranged for the purpose. The form of the rail, both in cross 
section and side elevation, has undergone several modifica- 
tions pointed out by theory, and confirmed by experiment, 
TRie form first tried, and which is still in use, was similar to 
that of the cast iron edge rail (Fig. 107) ; the bars were rolled 
into lengths of eighteen feet, every three feet of the length 
presenting in side elevation a semi-elliptical figure. This form, 
coQuboDly termed the fish-bellied rail, being pointed out 

«8 
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by theory as the one which presents equal strength through- 
out ; but, although very suitable for the intended end, under 
this point of view, the semi-ellipse does not offer throughout 
the same stiffness as other forms, in which the depth is uni- 
form; and both experiment and theory show that the straight, 
or par alleljedge rail, with a cross section, as shown in Fig. 108, 
is the most suitable form both for strength and stiffness, be- 
sides presenting greater stability, with the same area, of the 
various figures that can be given to the cross section. For, 
admitting the usually received hypothesis of the contraction 
and elongation of the fibres of a solid submitted to a cross strain, 
the expression for the strength and stiffness of this figure will 
be found by substituting respectively, for the terms bd^ and 
bd\ in the expressions given in the subject of carpentry for 
the strength and stiffness of rectangular beams laid horizon- 
tally, and submitted to a strain at any point, the followiDg 
terms, 

hd^—b'd'\ and r , 

b 

in which b is the total breadth of the cross section, d its total 
depth, b' the total breadth of the projections of the^an^e^, or 
of the top and bottom tables of the rail, and d' the depth be- 
tween them. 

The bottom of the fish-bellied rail is not a perfect semi- 
ellipse, as that form would present some practical difficulties 
in the rolling of the bar, and in fitting it upon its supports. 
The total depth of the rail is usually five inches, (Fig. 107,) 
and its depth at the points of support from three to three and 
three-quarter inches. The upper table is usually two inches 
wide at the top, which is slightly convex, and has its angles 
rounded off, and about half an inch thick. The rib is nearly 
one inch thick, being made in some cases plain, and in others 
with a slight projection on one side near the bottom. 

In the straight rail (Fig. 108) the depth is uniform ; the 
upper table is of the same form and dimensions as in the fish- 
bellied rail, the rib is plain and varies between six and" eight- 
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tenths of an inch in thickness, the lower web is in some ex- 
amples not so wide as the upper table, by nearly half an 
inch, and in others it is somewhat wider. The best propor- 
tions for these three parts of the cross section still remain to 
be established by experiment, as well as the total depth, 
which, at present, varies between four-and-a-half and five 
inches. 

The straight railis now coming^ into very general use,owing 
to the advantages which it presents over the fish-bellied rail, 
not only as regards stifiness and stability, but also from th^ 
ease with which it can be cut to any suitable length for the 
turnings in a track. 

In our own country, ^notives of economy in the first cost 
of such works, directed attention to the combination of wood 
and iron for rail-ways ; and the method which has usually 
been followed consists in fastening a narrow bar of rolled iron 
on long string pieces of timber (Fig. 110) to form the tracks. 
The string pieces are usually from six to nine inches in 
depth, and six inches broad, and of any suitable length. The 
bars are generally two inches wide, with the top surface very 
slightly convel ; their depth varies from three-eighths to three- 
quarters of an inch, and their length is usually eighteen feet 
The bars are fastened on the top of the beam, somewhat 
without the inner edge, by means of strong screws, which 
pass through holes of an elliptical form made in the bars, the 
top of the holes being enlarged, so that the head of the screw 
may noi project above the top of the bar. A small plate of 
zinc or iron is let into the string pieces, under the joint be- 
tween two bars, to prevent their ends from crushing the wood, 
when the wheels of the cars pass* over them. The joint 
between the bars is in some cases like a mitre joint, in others 
like a tenon and mortise, the object in both cases being to 
prevent the shock in passing from one bar to the other over 
an open joint. 

A combination of bars, of the form just described, fastened 
to stone sillS} or string pieces, has also been tried with us ; 
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but experience has shown, that it is inferior to the method 
just explained, from the bars wearing loose from the stone, 
owing to the disintegration of the latter, arising from the 
action of the wheels on the bars. 

Supports of Hails. The ordinary substructure for the 
rails, consists either of large stone blocks of a cubical form, 
which are placed at equal intervals apart, along the line 
of rails ; or of wooden sleepers (Fig. 108) laid crosswise 
to the track, also at equal intervals apart. To fasten the 
•rails to their supports, a contrivance, termed a cAatr, is used, 
which consists of a bed of cast, or wrought iron, so arranged 
that it can be fastened to the supports, and can receive the 
rail, which is fastened to it by inserting a wedge between the 
sides of the chair and rail. 

Various forms have been given to the chair, the object in 
every case being to give stability to the rail, by preventing 
any motion, except that which arises from the elasticity of 
the metal, and at the same time, to allow sufficient play for 
the contraction and expansion of the rail between the ordi- 
nary limits of temperature. To effect these objects, the cast 
iron chair has usually been cast in one piece, (Fig. 109,) pre- 
senting a horizontal part, or bed, which rests on the support, 
and two upright parts, or sides, so fashioned on the interior 
as to fit the sides of the rail, and allow of its being confined 
by the insertion of an iron wedge. The cast iron chair pre- 
sents two inconveniences, which have been found of a very 
serious character ; the first arises from the brittleness of the 
material, and the accidents to which it is exposed from shocks ; 
the second grows out of the difficulty of fastening the rails 
so firmly to each point of support as to prevent all motion, 
and at the same time to allow for the contraction and expan- 
sion of the metal, which occasion a strain of a very powerful 
nature on the fastenings. The last of these inconveniences 
is partly remedied by fastening the rail firmly to the middle 
chair, so that the expansion and contraction may act equably 
from this point to the ends. The first is also in process of 
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im p r o v e ment, by the substitution of wrought iron for cast 
iron. The chair in this case, (Fig. 108,) consists of three 
pieces, a bed on which the rail rests, and two side pieces to 
confine the rail on the bed, and keep it stable, which are fas* 
tened to the bed by screw-bolts and nuts. 

To fasten the chairs to the stone supports, two holes are 
drilled into the block to receive strong oak pins, which are 
firmly driven into them ; an iron bolt is driven into each of 
these pins, through holes which are left for them in the bed 
of the chair. This method is bad under two points of view, 
the iron bolts are apt to work loose, and the blocks are liable 
to split, from the great strain on the sides of the holes, arising 
firom the successive drivings of the pins and bolts. 

With wooden silLs, a firmer fastening is made, by inserting 
the iron screw bolts in holes bored entirely through the sill, 
the head of the bolts being beneath the sill, and confining 
the chair to the sill by means of nuts screwed on the project- 
ing ends of the bolts. 

When the rail consists of a combination of wood and iron, 
the string pieces are laid either on stone blocks, as for the 
solid iron rail, or on cross sleepers. In the first case, the 
chair is formed simply of two uprights of cast iron, which 
are fiistened in the usual manner to the block, and the string 
piece is confined to the chair by means of a screw bolt, which 
is passed through the holes made in the uprights of the chair 
and the string pieces, and confined by a nut. In the second 
case (Fig. 110) a notch is cut in the cross sleeper to receive 
the string piece which is confined in the notch by a wooden 
wedge. 

TTie blocks, or cross sills, as the case may be, are either 
laid on the natural soil, a hole or trench of sufficient size 
being dug to receive them, and are well secured by ramming 
the firerfi earth around them ; or else the hole, or trench, is 
made several inches larger in breadth and depth, than the 
block, or sleeper, and receives a layer of broken stone, which 
serves both as a bed for the support, and as a drain for the 
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water, in order to counteract the action of the frost were the 
subsoil, near the supports, to imbibe water. 

In new embankments the rails should, at first, be always 
laid on cross sleepers, to counteract the effects of unequal set- 
ting ; and as a farther precaution, the cross sleepers should 
rest on longitudinal string pieces, placed directly under the 
tines of the rails, these pieces being prepared with slight 
notches to receive the sleepers. By this precaution, the 
weight between any two sleepers will be distributed over a 
greater surface, and any unequal settling at one point will be 
less felt at the others, and will cause but a slight derangement 
in the position of the two lines of rails. 

Too much precaution cannot be taken to effect a thorough 
draining of the subsoil under the track ; and, if it be deemed 
necessary, the whole of the natural soil sliould be removed, 
and its place be supplied by a soil which will give a freer pas- 
sage to the water, and be less subject to break up from frost. 

In low swampy localities, subject to overflow during heavy 
rains, the rails may be raised on trestles, or any other simi- 
lar structure ; but as the frame work, in such a case, would 
require to be very solidly put together, and would be subject 
to very rapid decay, the question would present itself, whe- 
ther it would not be better to raise an embankment on a brush 
foundation. 

Arrangement of the Tracks. A rail-way is arranged 
with either a single or a double track of rails, according to 
the exigencies of the trade. The rails of each track are 
placed from four-and-a-half to four-and-tKree-quarters feet 
apart, according to the length of the axle-trees of the wheels, 
a free play of two inches being left for the flanges of the 
wheels, when the cars are running on a straight track, to pre- 
vent the rubbing of the flanges against the rails. In a dou- 
ble track the width between the two will depend on the width 
of the cars; it should be such, that two cars passing each 
other should, under no possible contingency, short of flying 
the track entirely, come into contact. 
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When the track is straight, the upper surface of the rails 
should be on a level. In some cases this surface of each rail 
has received a slight pitch inwards, to keep the wheels from 
running up on either rail; but this is unnecessary in a 
straight track, as the form of tlie tire of the wheel Would 
counteract any tendency to lateral deviation. 

The horizontal changes of direction in the track are made 
by an arc of a circle tangent to the two straight branches. 
The curvature of the circle {Note 2) should, in all cases, be 
made as small as a judicious regard to the excavations and 
embankments will permit, both on account of the tendency 
of the centrifugal to throw the car from the track, thereby 
creating a great friction of the flange on the side of the exte- 
rior rail, and also to diminish, as much as possible, the sliding 
of the exterior wheel on its line of rail, caused by the greater 
length of this line. Each of these defects are partly coun- 
teracted by the form of the tire of the wheel, {Note 9,) and in 
addition to this, the outside line of rails, along the curve, 
{Nate 9,) should be sufficiently raised above the interior line 
to allow the component of gravity, in the cross direction of 
the track, -to counteract the centrifugal force of the car in 
passing the curve with the greatest admissible velocity. 

Experiments are wanting to show the exact retardation 
arising from the curvature of the track. From some made 
on the Baltimore and Ohio Rail-Road, it would seem, that 
the resistance on a curve of four hundred feet radius, was 
about once-and-a-half as great as that on a straight track. 
In changiiig the direction from a straight to a curved track, 
it should be gradually effected, and it may be done {Note 4) 
by forming the curve of several aries of circles of different 
curvatures, which shall be tangent to each other at the points 
of passage from one to the other, the radii gradually decreas- 
ing from the arc which is tangent to the straight portion to 
that of the summit of the curve. 

Various experiments have been made to determine the 
angle of friction on rail-roads, under the ordinary circumstan- 
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oes of trayelling, and different results {Nate 1) hare been 
arrived at; but, from the far greater number it appears, that 
the angle varies between one perpendicular to two hundred 
and sixty in length, estimating along the track, and one to 
two hundred and eighty ; or from a rise of 18,8 to ^,3 feet, 
nearly, for one mile in length. In this resistance to the mo- 
tion down an inclined plane, is included, not only that due 
to the friction of the cars, but also that which is due to the 
nmistance of the air to the motion of the cars. 

The term inclined plane is properly applied to any ascent 
on a rail-road. If the ascent is such that it will not require 
a stationary power to draw up and lower the cars, the line of 
Uie track, in a horizontal direction, may be either straight 
or carved, as circumstances may demand ; but if stationary 
power is to be used, then there are several important condi- 
tions to which the inclined plane must be subjected. The 
plane, in the first place, must be straight in a horizontal di- 
rection, otherwise the wear and tear of the ropes, used in 
transmitting the power of the stationary machinery at the 
top of the plane, and the increased friction, would render the 
passage up and down the plane very unsafe, if not almost im- 
practicable. The inclination of the plane should, if practi- 
cable, be uniform, or, in the contrary case, the inclination near 
the top should be greater than towards the bottom of the 
plane. The change, moreover, from one inclination to ano- 
ther, should be gradual, or, in other words, the passage from 
one declivity to the next should be curved. In this way the 
velocity of the cars, in descending, will be gradually retarded, 
or be made uniform, by the gradual increase of resistance, 
offered by the decreased inclination of the plane ; and there 
will be no loss of power, nor other inconveniences, arising 
from abrupt changes from one declivity to another. As the 
cars are usually brought to a state of rest at the top and bot- 
tom of the plane, at the commencement and end of their pas- 
sage up and down, there should be a level portion of the track 
at these two points of sufficient length for the service of the 
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tudined piane, md. these lerels dioold, mDreorer, be in the 
Same line €it direction as the plane itsel£ 

ArrarngmmaUsfor passing from a track, IVben a rail- 
load ooosists of a sdngk track, an anangement, termed a 
9idingj (Fig. 111?) is made to pass from the track at <xie 
pointiaiideiiterit atanotho', Ibrtheparposeof aHowii^cars 
lo pasB eaA other. A siding is, therefore, aportion of a track 
laid along side of die main track, at a suitable distance from 
if, and cooneeted with it, at each extremity, by a corred 
{Kntion, which is arranged in sQch a way that the cars 
can proceed either along the main track, or pass into the 
sidii^, as circumstances may require. If the part of the 
main track, where a siding is required, be straight, it may 
hoplaeed on either side of the track, as may be most conve- 
nient; bat if it be curved, the siding must be [daced on 
the convex sideof the traek. 

The angle contained between the line of direction of the 
main track, and a line drawn from the point of the main tmck 
where the siding enters it by its curved portion, to the 
point mdiere this curved portion joins the straight part of the 
siding, is termed the angle of deflection of the siding. There 
is no positive limit laid down for this angle. It will evidently 
depend cm the distance between the siding and main track, 
and the longest train of cars that it is supposed may travel 
over the track at one time. It should, however, be as small 
as possible, in order to make the change from the main track 
to the siding as gentle a^ practicable. The curved portion 
must evidently, in the case of a straight main track, be com- 
posed of two arcs of circles, one tangent to the straight line 
of the main track, the other tangent to the straight line of 
the siding, and the two tangent to each other mid-way 
between diese two points, but presenting their convexities in 
opposite directions. 

An arrangement similar to a siding, which is termed 
a crosHngi (Fig. 112,) is made for a communication be- 
tween the two tracks of a double track. The position and 

23 
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curvature of the crossings are arranged on Ihe same princi^ 
pies as for sidings. Crossings and sidings are placed at such 
points of the track as may be required by the service of the 
road* 

The points where a siding, or crossing, quits the rails o( 
the main track, and also intersects them, are so arranged, that 
a car can be kept in the main track, or be turned into the 
siding, or crossing, at pleasure. The method usually pur- 
sued for this purpose, is to make a portion of the track, or of 
the siding, at the point of separation, movable, (Fig. ill,) 
so that it will form in one position a part of the track, 
and, being displaced, will allow the car to turn aside 
into the siding. This movable portion is termed a swUch, 
At the point where the rails of the crossing, or siding, cross 
those of the main track, a disposition, termed a turn-out, 
(Fig. 112,) is so arranged, that no impedimenl will be oflfered 
to the wheel in its course, either along the main track, or 
along the crossing. The arrangement and play,of the switches 
and turn-outs will be best understood by a reference to the 
figures. 

The surveys, and other labors required in establishing a 
rail-way, are of precisely the same character as for a com- 
mon road. The formation of the road surface, or, as it is 
termed, the grading, to receive the rails and their supports, 
demands the greatest care, owing to the character of the sub- 
structure, its'excellence depending principally on the firmness 
of the supports, and the stability of the rails. To lay. the 
supports and rails, cross and length measures of suitable form 
and dimensions are used, together with the ordinary mason's 
level, to determine the level, or the inclination, of the top 
surface of the rails, the position of the supports^ rails, <fcc. 

CANALS. 

Canals are artificial channels for water, applied to the pur- 
pose of inland navigation ; for the supply of cities with 
water ; for draining ; for irrigation, &c, &c. 
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iVat^i^afiZe canals are divided into two classes : 1st. Canals 
"^hich are on the same level throughout their entire length, 
;as those which are found in low level countries : 2d. Canals 
"which connect two points of different levels, which lie either 
in the same valley, or on opposite sides of a dividing ridge. 
This class is found in broken countries, in which it is neces- 
sary to divide the entire length of the canal into several level 
portions, termed reaches^ the communication between the 
reaches being effected by some artificial means. When the 
points to be connected lie on opposite sides of a dividing 
ridge, the highest reach, which crosses the ri^ge, is termed 
the summU level. 

1st Class. The surveying and laying out a canal in a 
level country, are operations of such extreme simplicity as to 
require no particular notice in this place ; since these opera- 
tions have beenfiilly explained in the subjectof Common Roads. 
The line of the canal will be run in a direct line between 
the two points to be connected, unless it be found necessary 
to deflect it at any intermediate points ; in which case the 
Istraight portions will be connected by arcs of circles of suffi- 
cient curvature to allow the boats used in the navigation to 
pass each other at the curves without any diminution of their 
ordinary rate of speed. 

The cross section of this class (Fig. 113) presents usu- 
ally a water-way^ or channel of a trapezoidal form, with 
an embankment on each side, raised above the general level 
of the country, and formed of the excavation for the water- 
way. The level, or surface of the water, is usually above 
the natural surface, sufficient thickness being given to the 
embankments to prevent the filtration of the water through 
them, and to resist its pressure. This arrangement has in its 
favor the advantage of economy in the labor of excavating 
and embanking, since the cross section of the cutting may 
be so calculated as to furnish the necessary earth for the em- 
bankment ; but it exposes the surrounding country to injury^ 
from accidents happening to the embankments^ 
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The relative dimensions of the parts of the cross section 
may be generally stated as follows ; subject to such modificar 
tions as each particular case may seem to demand. 

The width of the water-way, at bottom, should be at least 
twice the width of the boats used in navigating the canal ; so 
that two boats, in passing each other, may, by sheering tOr 
wards the sides, avoid being brought into contact. 

The depth of the water-way, should be at least eighteen 
inches greater than the draft of the boat, to facilitate the mor 
tion of the boat, particulaurly if there are water plants growr 
log on the bottom. 

The side slopes of the wiUer-way in compact soils 8hon]4 
receive a base at least once-and-a-half the altitude, and pror 
portionally more as the soil is less compact. 

The thickness of the embankments, at top, is seldom r^a- 
lated by the pressure of the water against them, as this, in 
most cases, is inconsiderable, but to prevent filtration, which, 
were it to take place, would soon cause their destruction. A 
thickness from four to six feet, at top, with the additional 
thickness given by the side slopes at the water surface, will, 
in most cases, be amply sufficient to prevent filtrations. A 
pathway for the horses attached to the boats, termed a tow- 
path, which is made on one of the embankments, and a foot- 
path on the other, which should be wide enough to serve as 
an occasional tow-path, give a superabundance of strengfli 
to the embankments. 

The tow-path should be, at least, twelve feet wide, to allow 
the horses to pass each other with ease ; and the foot-path at 
least six feet wide. The height of the surfaces of these paths, 
above the water surface, should not be less than two feet, to' 
avoid the wash of the ripjde ; nor greater than four-feet-and- 
a.-half, fof the facility of the draft of the horses in towing. 
The surface of the tow-path should incline slightly outwards, 
both to convey off the surface water in wet weather, and to 
give a firmer footing to the horses, which naturally draw 
ffoifi tljie canal, 
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The side slopes of the embankment vary with the charac- 
ter of the soil ; towards the water-way they should seldom 
be less than two base to one perpendicular ; from it, they 
tnay, if it be thought necessary, be less. The interior slope 
is usually not carried up unbroken from the bottom to the top, 
Imt a horizontal space^ termed a bencht or berm^ about one 
9r two fe^ wide, is left, about one foot above the water sar- 
hoe, between the side slope of the water-way and the foot of 
the embankment above the berm. This space serves to pro- 
tect the upper part of the embankment, and is, in some cases, 
p][ante<} with such shrubbery as grows most luxuriantly in 
aquatic localities, to protect more efficaciously the banks by 
the support which its roots give to the soil. The side slopes are 
better protectead by a revetment of dry stone. Aquatic plants 
of the bull-rush kind have been used, with success, for the 
same purpose ; a row of them being planted on the bottom, 
iat the foot of the side slope, serving to break the ripple, and 
preserve the slopes from its effects. 

The earth of which the embankments are formed should 
be of .9^ good binding character, and perfectly free from vege- 
jtahle lOOuVi, and aU vegetable matter, as the roots of plants, 
6ic, In ferming the embankments, the vegetable mould 
should be carefully removed from the surface on which they 
are to rest ; and they should be carried up in uniform layers, 
from nine to twelve inches thick, and be well rammed. If 
the character of the earth, of which the embankments are 
formed, is such as not to present entire security against filtra- 
tion, a puddling of clay, or better still, of sand, two or three 
leet thick, may be laid in the interior of the mass, penetrating 
afoot below the natural surface. Sand is particularly useful 
in preventing filtration caused by the holes made in the 
embankments near the water sur&ce by insects, moles, 
rats, &c. 

Side drains must be made, on each side, a foot or two from 
the embankments, to prevent the surface water of the luu 
^Q):a) siirfiice from injuring the enibankments. 
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way throughout to the thickness of about four feet^ if com- 
pactly rammed, will be found to offer sufficient security, if 
the substruQture is of a ^rm character, and not liable to 
settle* Even this has not, however, been found to answer 
in all cases, particularly where the substructure is formed of 
fragments of rocks offering large crevices to filtrations, or 
when it is of a marly nature. In such cases it has been 
found necessary to line the water-way throughout such parts 
with soUd masonry, laid in hydraulic mortar. A lining of 
this character, (Fig. 114,) both at the bottom and sides, about 
six inches in thickness, formed of flat stones, about four inches 
thick, laid on a bed of hydraulic mortar, one inch thick, and 
covered by a similar bed, has been found to answer all the re- 
quired purposes. This lining should be covered, both at 
bottom and on the sides, by a layer of good earth, at least 
three feet thick, to protect it irom the shock of the boats 
striking either of those parts. 

The cross section of the canal and its tow-paths in thorough 
cutting (Fig. 115) should be regulated in the same way as in 
canals of the first class ; but when the cuttings are of consider- 
able depth, it has been recommended to reduce both to the di- 
mensions strictly necessary for the passage of a single boat. 
By this reduction there would be some economy in the exca- 
vations ; but this advantage would, generally, be of too trifling 
a character to be placed as an offset to the inconveniences re- 
sulting to the navigation, particularly where an active trade 
was to be carried on. 

The precautions recommended generally against slips in ex- 
cavations, require to be carefully observed in those for canals. 
Where the earth cannot be prevented from caving in, a wide 
berth should be given to it, and it should be allowed to regu- 
late itself. 

Summit Level. The choice of the line of direction of 
canals with a summit level will be regulated in the manner 
just explained, for the two branches which are separated by 
the dividing ridge. In the selection of the summit level, the 
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engineer will be guided by the principles laid down in the 
subject of roads ; with regard to the lowest points of the *- 
viding ridge, as pointed oat by the position of the vallejrs t^ 
be connected, and that of their secondary valleys. Independ- 
ently of the economy of construction, arising from the line of 
direction being the shortest, and the height to be ascended 
being the least, which results from placing the sununit level at 
the lowest point of the dividing ridge, another very important 
result is obtained, with respect to the supply of water for the 
summit level ; this supply being greatest when the st!l6)ftiit 
level is lowest, as the water for this point must be brought 
from the ground which is above it. 

Deep Cuts and Tunnels. To obtain an adequate supply 
of water for the summit level, the engineer is often obUgec^ 
to place the reach so low that a very deep cut, or a tunnel, 
will be required for the passage of the dividing ridge. The 
choice between the two methods will depend on the nature 
of the soil at the dividing ridge^ and the comparative expense 
of the two methods : in genera], it is said, that tunneling ^ 
to be preferred to deep cutting when the depth to be exca- 
cavated is above sixty feet ; and, as a general rule, also, when 
the cost of a running yard of each is the same, it is said that 
deep cutting is to be preferred, from the greatei* facility and 
despatch with which it can be done. 

Where the point for the summit level is not rigorously 
fixed, by some necessary condition, the engineer should make 
a careful examination of all the ground adjacent to the point' 
approximately determined. The object of this examination 
is to ascertain the nature of the soil, — the height of the ridge 
above the summit level,— the length of the tunnel required 
at diflferent points, — the dimensions of the deep cuts by which 
the tunnel must be approached, — and the greater or less lia^ 
bility of the side slopes of these cuts to slips. In some case^ 
a long tunnel, with short deep cuts to approach it, may be 
preferable to a short one with long deep cuts. In other cases 
it may be best to prefer a short tunnel, passing under a high 
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point of the ridge, to a long one passing under a lower point 
The problem is evidently of that mixed character which will 
require repeated approximations and comparisons for its so* 
lution. 

A tunnel is an underground excavation made for the pas* 
sage of any line of 'communication ; the character of its con- 
struction will depend on the nature of the soil. 

Before commencing the excavations, a profile of the ground 
must be accurately made, along the vertical plane passing 
through the axis, or central line of the tunnel. This profile 
is carefully laid out on the ground itself, by menns of a level, 
or other more accurate instrument, and pegs are placed in 
the ground, along this line, at equal intervals apart. When 
this preliminary operation is completed, the positions of the 
workinff'ShaftSy which are vertical pits, sunk above the crown 
of the tunnel, through which the excavations are taken ott, 
are laid out, and also those of smaller shafts termed air-shafts^ 
which supply the tunnel with fresh air. The excavations 
are now commenced by sinking the shafts to a proper level ; 
and by cutting away the two faces of the hill at the entrance 
of the tunnel, to form what is termed a hreast for the com- 
mencement of the internal excavations. 

The positions of the shafts will depend on the nature of 
the soil. If it is sufficiently firm not to require arching, 
the shafts are sunk directly over the crown, and to a depth 
of six or nine feet below it ; a small excavation, termed a 
hectding, is driven from the bottom of each shaft to connect 
them, and to form a communication through the whole line 
for carrying out the excavated soil ; a part of which, if it be 
found necessary, may still be sent up through the working 
shafts. After the heading is finished, the tunnel receives its 
proper form and dimensions, the work being carried on from 
the top downwards. 

In soils which required to be arched, it is seldom safe io 
sink the working shafts directly over the crown, as they 
would weaken the earth, and might occasion cavings-in. It 
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is therefore reoommendedi in such cases, to mark out 
the lines of the piers of the arch, and to sink the working 
shafts ten or fifteen feet on the outside of these lines. The shafts 
are sunk to a leyel with the springing lines of the arch, and 
cross headings are driyen from them to the positions of the 
piers; from these points a heading is driven in the direction of 
each pier, being sunk as low as the bottom of the foundations. 
So soon as these two last headings are of sufficient dimensions, 
the masonry of the piers is commenced, and it is carried up 
to the springing lines of the arch. Whilst this operation is 
going forward, or if it be deemed safer after its' completion, 
cross headings, about six feet wide, are driven at suitable 
points between the piers. In these cross headings^ when 
finished, centres are setup for turning the arches. A portion 
of the arch is turned over each centre, and the centres,, which 
are so arranged as to be readily taken apart, are removed far- 
ther towards each end of the parts thus finished, and the 
masonry and excavations are thus carried forward uni- 
formly until the whole arch is completed. The part of the 
excavation which may remain to be completed is carried out 
through the tunnel, or through working shafts, sunk over the 
crown of the arch, which communicate with the tunnel by 
holes left for the purpose in the crown. 

Water is the most formidable obstacle with which the 
engineer meets in tunneling; and it will require all the 
resources of machinery to keep the work free from it, par- 
ticularly if it commences to make in the working shafts. 
In some cases, it will be necessary to commence the heading 
considerably above the springing lines of the arch, and to 
carry it through with a downward slope each way, from the 
middle to the outlets, to give an outlet to the water. In other 
cases, it may be impracticable to use working shafts ; in which 
case no other means can be resorted to but to commence the 
tunnel at each end, and to carry it forward by gradually woric- 
ing inwards. 

When the soil is of so loose a texture as to require to be 
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sustained by some artificial means, die working shafts may 
be fiiced, like ordinary wells, with dry stone, or else a coflbr 
work, formed of square frames placed horizontally within the 
shaft, about four feet from each T>ther, and covered in by 
boards, termed a sheetingj may be used. For the headings 
a coflbr work of a similar character may be used ; the frames^ 
being of suitable dimensions, are placed three or four feet 
apart, and are covered on the top and sides by a suitable 
sheeting. It is not thought necessary to enter here into the 
jMracticaljdetails for setting up and removing the coffer work, 
as works of this kind should be intrusted only to intelligent 
miners who are thoroughly conversant with all the resources 
of dieir art 

The height and cross dimensions of a tunnel will depend 
on the kind of communication. For a canal the width should 
be sufficient for the passage of a single boat ; the water-way 
and tow path being suitably arranged for this end. In some 
cases the width has been made only sufficient for the boat, 
which is propelled in the tunnel by the boatmen with the as- 
sistance of iron rings fixed to the crown or the sides of the 
arch« This arrangement saves expense, but is very incon- 
venient for the navigation. ^ 

The form of the tunnel will depend on the nature of the 
soil. In ^aolid rock the sides are usually vertical, and the 
crown is of an arched form. In less firm soils, where masses 
detach themselves from the crown, owing to the filtration of 
water, or from other causes, the crown alone need be arched, 
the sides forming the abutments of the arch. If the earth is 
loose, both at top and on the sides, it will be necessary to 
build abutments of masonry for the arch ; these abutments 
may be either upright, or slightly curved outwards in an 
arched form, according to the nature of the soil. In tunnel- 
ing through a soft marshy soil, or one exposed to filtraticms, 
both from the sides and bottom, it will be necessary to form 
the crown and sides, as has just been explained, and to turn 
an inverted arch at bottom. With regard to the curvature 
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of the arches, that of the crown should be parabolic, if the 
pressure is simpiy that arising from the vertical weight of 
the mass above the crown, as this is the proper curve of 
equilibrium in such cases. But when the soil (Fig. 116) is 
marshy, or of a semi-fluid nature, the pressure may be regard- 
ed, without sensible error as normal to the curve^ in which 
case the proper curve of equilibrium is the circle. 

The arches of tunnels are usually built of good brick, as 
this material presents more advantages for such constructions 
than any other, and offers all requisite security as to its 
strength and durability. The centres should be of the most 
simple character, and be frsuned with an especial atten- 
tion to be easily taken to pieces and set up. For this pur- 
pose they should consist of two or moie parts of a solid con- 
struction which can be readily put together. 

Supply of Water. The quantity of water required for 
canals with a summit level, may be divided into two portions : 
1st. That which is required for the summit level, and those 
reaches which draw from it their supply : 2d. That which 
is wanted for the reaches below those, and which is furnish- 
ed from other sources. 

The supply of the first portion, which must be collected 
at the summit level, maybe divided into several elements ; — 
1st, the quantity required to fill- the summit level, and the 
reaches which draw their supply from it; — 2d, the quantity 
required to supply losses, arising from accidents ; as breaches 
in the banks, and the emptying of the reaches for repairs : — 
3d, the supplies for losses from surface evaporation, from leak- 
age through the soil, and through the lock gates ; — 4th, the 
quantity required for the services of the navigation, arising 
from the passage of the boats from one reach to another. 
Owing to the want of suflicient data, founded on accurate 
observations, no precise amount can be assigned to these va- 
rious elements upon which the engineer could found a 
rigorous calculation. 

The quantity required, in the first place, to fill the summit 
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level and its dependent reaches, will depend on the size of 
those reaches, an element which can be readily calculated ; 
and npoQ the quantity which would soak into the soil, which 
is an dement of a very indeterminate character, depending, 
as this quantity must, on the nature of the soil in the different 
reaches. 

The supplies for accidental losses are of a still less deter- 
minate character. 

To calculate the supply for losses from surface evapbrar 
tion, correct observations must be made on the yearly amount 
of evaporation, and the quantity of rain that falb on the 
surface, as the loss to be supplied will be the difierenoe be* 
tween these two quantities. 

With regard to the leakage through the soil, it will depend 
on the gpreater or less capacity which the soil has for hold- 
ing water. This element varies not only with the nature of 
the soil, but also with the shorter or longer time that the canal 
may have been in use; it having been found to decrease with 
time, and to be, comparatively, but trifling in old canals. In 
ordinary soils it may be estimatedat about two inches in depth 
every twenty-four hours, for some time after the canal is first 
opened. The leakage through the gates will depend on the 
workmanship of these parts ; generally, it may be estimated 
equal to the quantity which would flow through an orifice 
of one inch and four-tenths in area, with a constant head of 
water of five feet above the orifice. 

In estimating the quantity of water expended for the ser- 
vice of the navigation, in passing the boats from the level of 
one reach to that of another, through the locks which con- 
nect the reaches, two distinct cases require examination ; — 1st, 
where there is but one lock between two reaches, or in other 
words, when the locks are isolated ; 2d, when there are seve- 
ral contiguous locks, or as it is termed a, flight of locks be- 
tween two reaches. 

The hek is a small basin just large Enough to receive a 
boat, in which the water is usually confined on the sides by 
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two upright walls of masonry, and at the ends by two gates, 
which open and shut, both for the purpose of allowing the 
boat to pass, and to cut off the water of the upper reach 
from the lower, as well as from the lock whilst the boat is in 
it. To pass a boat from one reach to the other, — ^fnmithe 
lower to the upper for example, — the lower gates are opened, 
and the boat having entered the lock they are shut, and water 
is drawn from the upper reach, by means of valves, to fill the 
lock and raise the boat to the level of the upper reach ; when 
this operation is finished, the upper gates are opened, and 
the boat is passed out. To descend from the upper , reach, the 
lock is first filled, the upper gates are then opened, and the 
boat passed in, these gates are next shut, and the water is 
drawn from the lock, by valves, until the boat is lowered to 
the level of tbelower reach, when the lower gates are opened 
and the boat is passed out. 

In the two operations just described, it is evident, that for 
the passage of a boat, up or down, a quantity of water must 
be drawn from the upper reach to fill the lock to a height 
which is equal to the distance between the surface of the 
water in the two reaches ; this height is termed the lift of 
the lock, and the volume of water required to pass a boat up 
or down is termed the prism of lift. The calculation, there- 
fore, for the quantity of water requisite for the service of the 
navigation, will be simply that of the number of prisms of 
lift which each boat will draw from the summit level in pass- 
ing up or down. 

Let a boat, on its way up, be supposed to have arrived at 
the lowest reach supplied from the summit level ; it will re- 
quire a prism of lift to ascend the next reach above, and so 
on in succession, until it reaches the summit level, from which 
one prism of lift must be drawn to enable the boat to enter it. 
From this it appears that but one prism of lift is drawn from 
the summit level for the passage of a boat up. Now, in 
descending on the other side, the boat will require one prism 
of lift to take it to the next lower reach, and this prism of 
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lift will carry it through all the successive locks, if their lifts 
are the same. For the entire passage of one boat then, two 
prisms of lift must be drawn from the summit level. 

This boat will thus leave all the locks full on the side of 
ascent, and empty on the side of the descent. Now the next 
boat may be going in the same, or in an opposite directioUi 
with respect to the first. If it follows the first, it will evi- 
dently require two prisms of lift for its entire passage, and 
will leave the locks in the same state as they were. If il 
proceeds in an opposite direction, it will require a prism of 
lift to ascend to the summit level ; but, in descendin|t» it 
win take advantage of the full lock, left by the preceding 
boat, and will therefore not draw from the summit level for its 
descent to the next reach ; the same will take place at every 
reach until the last, where it will carry out with it the prism of 
lift, which was drawn from the summit level for the preceding 
boat, so that in this case it will draw but one prism of lift 
from the summit level. If the two boats had met on the 
summit level, the same would have taken place ; therefore, 
when the boats alternate regularly, each will require but one 
prism of lift for its entire passage. But as this regularity of 
alternation cannot be practically carried into effect, an allow- 
ance of two prisms of lift must be made for the entire passage 
of each boat. 

In calculating the expenditure for locks in flights, a new 
element, termed the prism of draughty must be taken into ac- 
count. This prism is the quantity of water required to float 
die boat in the lock when the prism of lift is drawn o^\ and 
is evidently equal in depth to the water in the reaches, unless 
it should be deemed advisable to make it just sufllcient for the 
draught of the boat, by which a small saving of water might 
be effected. 

Locks in flights may be considered under two points of 
view, with regard to the expenditure of wat6r ; — the first 
where both the prism of lift, and that of draught, are drawn 
off for the passage of a boat ; — or second where the prisms of 
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draught are always retained in the locks. The expenditure 
of course will be different for the two cases. 

To ascertain what will take place in the two cases^ let a 
case be supposed^ in which there is a flight of locks on each 
tide of the summit level, to connect it with the two next 
lower reaches. In the first case, a boat, arriving at the foot 
of the flight, finds ail the locks of the flight entirely empty, 
except the lowest, which must contain a prism of "^draught to 
float the boat in. To raise the boat, then, to the upper level, 
all the locks of the flight must be filled from the summit level, 
which will require as many prisms of lift as there are locks, 
andas many prisms of draughtas there are locks less one ; — or 
representing by l the prism of lift ; — d the prism of draught ; 
and n the number of locks in the flight, the total quantity of 
water, for the ascent of the boat,' \;trill be represented by 

nL + {n — 1)D; ..... (1). 

In descending, on the opposite side, the boat will require a 
prism of lift and oiie of draught at the first lock ; but to enter 
the second another prism of draught in addition will be re- 
quired, and this entire quantity will be sufficient to take it 
through all the remaining locks of the flight, this quantity 
will therefore be represented by 

l + 2d; ....;... (2). 

so that for the entire passage of the boat, the total expenditure 
will be represented by 

(» + 1)l + (»+1)d. . . . (3). 
The flight, on one side, is thus leftinll after the passage of 
the first boat, and on the other side, empty. If a second boat, 
then, follows directly after the first, the prism of lift must be 
drawn from the lowest lock to admit the boat, this prism is 
then supplied from 'the lock next above, and so on to the sum- 
mit level ; so that but one prism of lift will be drawn off for 
the ascent of this boat, and it will require one of lift, and two 
of draught, to carry it down the opposite flight. If therefore 
the total number of boats which follow in this order, including 
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the first, be represented by m, the total expenditure will be 

represented by, 

(n+l)L + (n + l)D+(«— 1)2l + (w— l)2j). ... (4^ 

If the second boat, instead of foUowitig the first, arrives in 
the opposite direction, or alternates with it, the expenditare 
for its ascent will be represented by the expression (1), and for 
its descent it will be nothing, since it finds the opposite flight 
filled, as left by the first boat ; but if the locks had been 
emptied, then the passage of the second boat would have 
taken place under the same circumstances as that of the 
first 

It will be unnecessary here to go farther into these calcU'^ 
lations for the various cases that may occur, under the dif« 
ferent circumstances of passage of the boats, or of empty or 
full flights ; the preceding gives the spirit of the method, and 
will give the means for entering upon a calculation to allow 
for the loss or gain by the passage of freighted or empty 
boats, following any prescribed order of passage. These re« 
finements are, for the most part, more curious than useful | 
a&d the engineer should confine himself to making an ample 
allowance for tlie most unfavorable cases, both as regards the 
order of passafzie and the number of boats. 

Feeders and Reservoirs. Having ascertained, from the 
preceding considerations, the probable supply which must be 
collected at the summit level, the engineer will next direct 
his attention to the sources from which it may be procured. 
Theoretically considered, all the water of the country, adjii^ 
cent to the summit level, which lies above a horizontal plane 
passed throngh this point, might be conveyed to it : but it is 
found in practice that channels for the conveyance of water 
muM have certain slopes, and that these slopes, moreover, will 
regulate the supply furnished in a certain time, all other 
things being equal. In making, however, the survey of the 
country, firom which the #ater is to be supplied to the sum* 
fldit level, all the ground above the horizontal plane, just re- 
ferred to, should'be examined, leaving the determinatiou of 
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will be the qnamiSf ot wate? wiiich ir will rece i ie. Tins 
fiopSr boweTer^ bas a pracncai limir whicb is laid doiwn at 
innr inches m lOiO yards, or zhiie rhnnfoanii base to one aiti- 
mde : and the grcateat sk>pe ahoaid aot exceed that which 
woaid cri^e the carrezit a greater mean veioeinr than duiteen 
iochea per fiecoiuL in ordeF thnt the bed of the feeder may 
not be injured. Feeders are furnished, like asdinary canals, 
with contnvancesi to let off a part, or the who^. of the water 
in thenv in ca«e» of heavy rainS; or tor soaking repairs. 

A r^^v&ir in a large pond, or body ot water, heid in re^ 
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embody the ffrnntPM volume of water< and at the same time 



present the smallest eyaporatiDg surface, at the mnJIest cost, 
for the coDstmction of the dam. 

It is generally denned best to have two resenrousfor the 
isupply, one to embody the greater quantity of water, and the 
other, which is termed the distributing reservoir, for rega- 
lating the supply to the summit level. If, however, the reach 
at this point is v^y capacious, it may be nsed as the distribu- 
ting reservoir. 

The dams of reservoirs have been variously constructed; 
in fK>nie cases they have been made entirely of earth (Pig. 
117) ; in others entirely of masonry ; and in others of earth 
packed in between several paralld stone walls. It is now 
thought best to use either earth or masonry alone, according 
to the circumstances of the case, particularly as regards the 
^comparative expense of the two methods. 

Earthen dams should be made with extreme care, of the 
best binding earth, well freed from every thing that might 
cause filtrationsi A wide trench should be excavated to the 
firm soil, to receive the base of the dam ; and the earth should 
be carefully spread and rammed in layers not over a foot thick. 
As « iarth^ precaution, it has been thought necessary to 
place a wide stratum of the best clay puddling in the centre 
of the dam, reaching from the top to three or four feet below 
the base. Fine sand would serve a11 the purposes of clay, 
and be a better security against injury from water-rats, &c. 
The slope of the dam towards the pond should be iVom three 
to six base to one perpendicular ; the reverse slope need only 
be somewhat greater than the natural slope of the earth. 
The pond slope should be^ced with dry stone to preserve it 
from the action of the surface ripple. 

To draw the water from the dam, an arched culvert, large 
-enough for a man to enter it with ease, is made near the base 
at some suitable point. The culvert is arranged so as to be 
closed by one or more valves that can be easily opened. In 
some cases these valves are placed near the entrance to the 
culvert towards the pond, which is the better plan for seen- 



196 fiUCMISNT^ItY C0U118£ OP 

jrity to the dainty as the pressure of the water on the sides of 
the culvert, for considerable depths, will be very great In 
other caaesi the valves are placed near ihe middle of the eul* 
vert. In both casee, suitable arrangements must be made ps> 
enable the valves to be manoeuvred and examined with 
iafety. 

Dams of masonry are nothing more than water tight walk 
of suitable forms and dimensions to prevent filtration, and 
resist the pressure of water in the reservoir. The most 
suitable cross section is that of a trapezoid, the &ce towards 
the water bein|^ vertical, and the exterior face inclined, with 
a suitable batter to give the wall sufficient stability* The 
wall should be at least four feet thick at the water line, to pre- 
vent filtration, and this . thickness may be increased as cir^ 
cumstances may seem to require. Buttresses, or counterforts^ 
have been, in some leases, added to the exterior ^cing, to 
give the wall greater stability ; but this arrangement is of 
doubtful utiUty, and is inferior to throwing the mass of the 
buttresses into a uniform additional thickness to the wall 
Valves are placed at the inner ends of small arched openings 
made in the wall to draw off the water. These openings 
should be made at different depths below the surface, in order 
that the pressure of water on the valve may not be too 
great to impede its manoBUvre. The distance between these 
openings inay be about twelve feet. 

Suitable dispositions should be made to relieve the dam of 
all surplus water in very wet seasons. This may be done by 
cutting off the sources of supply, or else by allowing the wa- 
ter to flow out of the reservoir, at some suitable point which 
will not endanger the dam. 

Lift of Looks. Prom the preceding observations on the 
expenditure of water for the service of the navigation, it ap- 
pears, that isolated locks are more favorable under this point 
of view than locks in flights. The engineer is not, however, 
always left free to select between the two systems, for the 
form of the natural surface of the ground may compel him 
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lo adopt » flight of locks at certaia points. As to the com- 
parative expense of the two methods, a flight is in most cases 
cheaper' than the same number of single locks, as tliere are 
certain parts of the masonry which can be suppressed. There 
19 also fui economy in the suppression of the small gates, 
whicb are not needed in flights. It is, however, more diffi- 
cult to secure the foundations of flights from the effects of 
the water, which forces its way from the upper to the lower 
reach under the locks, than in isolated locks. Where an ac- 
tive trade i^ carried on, a double flight is sometimes arranged ; 
oo» ter the ascending, the other for the descending boats. 
In this casei the water which. flUs one flight may, after the 
passage of the boat, be partly used for the other, by means of 
an arrangement of valves made in the side wall separating 
the locks. 

The lift of locks is a subject of importance, both as regards 
the consumption of water for the navigation, and the econo- 
my of CQUstruotion. Locks with great lifts, as may be seen 
from the remarks on the passage of boats, consume more wa-* 
ter than those with small lifts. They require also more care 
in their construction, to preserve them from accidents, owing 
to the, great pressure of water against their sides. The ex- 
pense of construction is otherwise in their favor ; that is, the^ 
expense will increase with the total number of locks, the 
height to be ascended being the same. The smallest lifts 
seldom are less than flve feet, and the greatest, for ordinary 
canals, not over twelve ; medium lifts of seven or eight feet 
are considered the best under every point of view. This is 
a point, however, which cannot be settled arbitrarily, as the 
nature of the foundations ;— the materials used ; — the em- 
bankments around the locks ;— the changes in the direction 
of the canal, caused by varying the lifts, are so many mCMcli- 
fying causes, which should be carefully weighed before 
adopting a definitive plan. 

The lifts of a flight should be the same throughout ; but in 
isolated locks the lifts may vary according to chrcumatanoes. 
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If ttie lapply of water from the summit level reqnifei to be 
economised with caie, the lifts of locke which are famished 
from it may be less than those lower down. - 

R$aehB9 The position and the dimensions <tf the veaches 
mnst be mainly determined by the form of the nalnral sor* 
fitce. Those points are natnraUy chosen to pass ffom one 
reach to anothery or as the positions for the locks, ^griiere there 
is an abrupt change in the surfiice. 

A reach, by a auitable modificaticm of its cross section, can. 
be made as short as may be deemed desirable ; thoM feeing 
hat onepoint to be attended to in this, which is, that.a boat 
passing between the two locks, at the ends of the viNudi, -wiU 
have time to enter either lock before it can gfoand in the 
reach, on the suiqposition, that the water drawn <^to fi& the 
lower lock, whilst the boat is traversing the reach^ will just 
reduce the depth in the reach to the draft of the boat If 
this condition cannot be satisfied by giving the reach the or- 
dinary cross section of the canal, it will then be necessary 
^ther to widen or deep^ it, as may be judged best 

Locks. A lock (Fig. 118) may be divided into three dis- 
dinct parts ; — Ist. The part included between the two gates, 
which is termed the chamber ; — 2A. The part above the up- 
per gates, termed the /ore, or hectd-bay ; — ^3d. The part below 
the lower gates, termed the afty or tail-bay. 

The lock chamber must be wide enough to allow an easy 
ingress and egress to the boats commonly used on the canal ; 
a surplus width of one foot over the width of the boat across 
the beam is usually deemed sufficient for this purpose. The 
length of the chamber should be also regulated by that of the 
boats ; it should be such, that when the boat enters the lock 
from the lower reach, the tail gates may be shut without 7e- 
quiring the boat to unship its rudder. 

The plan of the chamber is usually rectangular, as this 
form is, in every respect, superior to all others. In the cross 
section of the chamber, (Fig. 119,) the sides receive gene- 
rally a slight batter, as when so arranged they are found to 
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give greater facility to the passage of the boat than when 
yertical. At bottom the chamber is either flat ot curved ; 
more water will be required to fill the flat bottomed cham^ 
ber than the curved^ but it will require less masonry in its 
conatruetion. 

The ehamber is terminated just within the head gates by 
a vertical wall, the plan of which is cylindrical- As this wall 
separates the upper from the lower reach, it is termed the 
lift-wall ; it is usually of the same height as the lift of the 
reaches. The top of the lift wall is formed of cut stone^ the 
vertical joints of which are normal to the cylindrical face pf 
the wall;, this top course projects from six to nine inched 
above the bottom of the upper reach, and is arranged with 
an angular pdnt, so that the bottom of the head gates, when 
shut, may rest closely against it. This arrangement is termed 
the fnitre-sill. Various degrees of opening have been given 
to the angle between the two branches of ^e mitre-sill ; it is^ 
however^ generally so determined, that the perpendicular pf 
the isosceies triangle, formed by the two branches, shall vary 
between one fifth and one sixth of the base. 

The cross section of the chamber walls is either trapezoidal, 
or the backing is made with oiisets from the top to the base ; 
the former method is now mostly in use, as it presents equal 
stability with the latter, and admits of a more solid construc- 
tion. The facings as has just been explained, receives a slight 
batter. The chamber walls are exposed to two opposite 
effinrts ; the water in the lock on one side, and the embank- 
ment against the wall on the other. The pressure of the em* 
bankment is the more permanent efibrt of the two, but that 
(rf* the water is in most cases the greater ; there are, however, 
exceptions to this } the embankment, for example, may sepa- 
rate slightly firom the wall, leavii^ a crevice, from top to bot- 
tom, into which a filament of water may be introduced, the 
pressure of which would be greater than that of the water 
in the lock, because the embankment is carried up to a level 
with the top, whereas the sur&ce of the water in the cham- 
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ber, when the lock is full, is usually twelve or eighteen 
inches below the top of the wall ; another exception, of a 
still more weighty character, may arise from the nature of 
the earth of which the embankment is formed ; if it is of a na^ 
ture to imbibe a large quantity of water, and to become in 
that state nearly semi-fluid, it will act precisely in the same 
way against the wall as a fluid of greater specific gravity 
than water. Having considered the probabilities of either of 
these cases arising, the dimensions of the wall {Note 6) must 
be regulated by the most unfavorable. The usual manner 
of doing this, is to make the wall four feet thick at the water 
line of the upper reach, to secure it against filtration ; and 
then to determine the base of the batter, so that the mass of 
masonry shall present sufficient stability to counteract the 
tendency of the pressure, which will be either to cause the 
wall to yield by sliding on the bed of its foundation ; or to 
give way by a disjunction of the masonry near the base, causing 
an overthrow outwards, or inwards, as the case maybe. The 
spread, and other dimensions of the foundations will be re^ 
gulated, according to the nature of the soil, in the same way as 
in other structures. 

The bottom of the chamber, as has been stated, may be 
either flat or curved. The flat bottom is suitable to very 
firm soils, which will neither yield to the vertical pressure of 
the chamber wall, nor admit the water to filter from the up- 
per reach under the bottom of the lock. In either of the 
contrary cases, the bottom should be made with an inverted 
arch ; as this form will oppose greater resistance to the upward 
pressure, and will serve to distribute the weight of the waUs 
over the portion of the foundation under the arch. The 
thickness of the masonry of the bottom will depend on the 
width of the chamber, and the nature of the soil. Were 
the soil a solid rock, no bottoming would be requisite ; if it 
is of soft mud, a very solid bottoming, from three to six feet 
in thickness, might be requisite. 

The principal danger to the foundations arises from the 
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water which may filter from the upper to the lower reach 
under the bottom of the lock. One preventive for this, but 
not an effectual one, is to drive sheeting piles across the canal 
at the end of the head-bay ; another, which is more expen- 
sive, but more certain in its effects, consists in forming a deep 
trench of two or three feet in width, just under the head-bay, 
and filling it with beton which unites at top with the masonry 
of the head-bay. Similar trenches might be placed under the 
chamber were it considered necessary. 

The lift wall usually receives the same thickness as the 
chamber walls ; but, unless the soil is very firm, it would be 
more prudent to form a general mass of masonry uiider the 
entire head-bay, to a level with the base of the chamber foun- 
dations, of which mass the lift wall should form a part. 

The head-bay is enclosed between two parallel walls, which 
form a part of the side walls of the lock. They are termi- 
nated by two wing-walls, which, it will be found most econo- 
mical -to run back at right angles with the side walls. A 
recess, termed the gate chamber, is made in the wall of the 
head-bay ; the depth of this recess should be sufficient to 
allow the gate, when open, to fall two or three inches within 
the feeing of the wall, so that it may be out of the way when 
a boat is passing ; the length of the recess should be a few 
inches more than the width of the gate. The part of the 
recess where the gate turns on its pivot is termed the hollow 
juoin; it receives what is termed the heel, or quoin post of 
the gate, which is made of a suitable form to fit the hollow 
quoin. The distance between the hollow quoins and the 
&ce of the lift-wall will depend on the pressure against the 
mitre-sill, and the strength of the stone ; eighteen inches will 
generally be found amply sufficient. 

The side walls need not extend more than twelve inches 
beyond the other end of the gate chamber ; and indeed it is 
a subject well worthy of examination, whether the greater 
portion of the side walls beyond the hollow quoins might not 
be suppressed with advantage, and their places be supplied 

26 
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by a simple post for the gate to rest against when open. The 
wing-widls may be extended back to the total width of the 
canal, but it will be more economical, and they will be found 
equally serviceable, to narrow the canal near the lock, and to 
extend the wing-walls only about two feet into the banks or 
sides. The dimensions of the side and wing-walls of the 
head-bay are regulated in the same way as the chamber 
walls. 

The bottom of the head-bay is flat, and on the same level 
with the reach ; the exterior course of stones at the entrance 
to the lock should be so jointed as not to work loose. 

The gate chambers for the lower gates are made in the 
chamber walls ; and it is to be observed, that the bottom of 
the chamber, where the gates swing back, should be flat, or 
be otherwise arranged not to impede the play of the gates. 

The side walls of the tail-bay are also a part of the general 
side walls, and their thickness is regulated as in the preceding 
cases. Their length will depend chiefly on the pressure 
which the lower gates throw against them when the lock is 
full, and partly on the space required by the lock-men in open- 
ing and shutting gates manoeuvred by the balance beam. A 
calculation {Note 11) must be made for each particular case to 
ascertain the most suitable length. The side walls are also 
terminated by wing-walls, similarly arranged to those of the 
head-bay. The points of junction between the wing and 
side-wails should, in both cases, be arched, or the stones at 
the angles be simply rounded off. One or two perpendicular 
grooves are sometimes made in the side walls of the. tail-bay, 
to receive pieces of sceuitling, termed stop-planks, which are 
fitted into them horizontally when a temporary dam is needed, 
to shut off4he water of the lower reach from the chamber, in 
case of repairs, <fec. Similar arrangements might be made 
at the head-bay, but they are not indispensable in either 
case. 

The stress on the walls at the hollow quoins is greater than 
at any other points, owing to the pressure at tljose points from 
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the gates, when they are shut, and to their effects when in 
motion; to counteract this and strengthen the walls, but- 
tresses should be placed at the back of the walls, in the most 
favorable position behind the quoins to subserve the object in 
view. 

The bottom of the tail-bay is arranged, in all respects, like 
that of the head-bay. 

The top of the side-walls of the lock may be from one to 
two feet above the general level of the water in the upper 
reach, the top course of the masonry being of heavy large 
blocks of cut stone, although this is not ein indispensable 
crowning for the walls, as smaller masses have been found to 
suit the same purpose, but are less durable. As to the ma- 
sonry of the lock, in general, it will only be necessary to ob- 
serve, that those parts alone need be of cut stone where there 
is great wear and tear from any cause, as at the angles gene- 
rally ; or where an accurate finish is indispensable, as at the 
hollow quoins. The other parts may be of brick, rubble, 
beton, &c., but it must be observed that all the parts must be 
laid in the best hydraulic mortar. 

The filling and emptying the lock chamber have given 
rise to various discussions and experiments, all of which 
have been reduced to the compisirative advantages of letting 
the waler in and off by valves made in the gates themselves, 
or by culverts in the side-walls, which are opened and shut by 
valves. When the water is let in through valves in the gates, 
its effects on the sides and bottom of the chamber are found 
to be very injurious, particularly in high lift-walls, besides 
the inconvenience resulting from the agitation of the boat in 
the lock. To obviate this, in some degree, it has been pro- 
posed to give the lift-wall the form of an inclined curved sur- 
face, along which the water might descend without produ- 
cing a shock on the bottom. 

The side culverts are small arched conduits, of a circular, 
or an elliptical, cross section, which are made in the mass of 
masonry of the side walls, to convey the water from the up- 
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per reach to the chamber. These ciilvertSi in some cases, 
run the entire length of the side walls, on a level with the 
bottom of the chamber, from the lift-wall to the end of the 
tail-wall, and have several outlets leading to the chamber. 
They are arranged with two valves, one to close the mouth 
of the culvert, at the upper reach, the other to close the outlet 
from the chamber, to the lower reach. This is, perhaps, one 
of the best arrangements for side culverts. They all present 
the same difficulty of repairs when out of order, and they 
are moreover very subject to accidents. They are therefore 
on this account inferior to valves in the gates. 

It has also been proposed, to get rid of the inconveniences 
of culverts, and the disadvantages of lift- walls, by suppress- 
ing the latter, and, in its place, gradually increasing the depth 
of the upper reach, to the bottom of the chamber. This 
method has never been put in practice ; it presents a saving 
in the mass of masonry, but the gates will be more expensive, 
as the head and tail gates must be of the same height. It 
would entirely do away with the objection to valves in the 
gates, as the current through them in this case, would not be 
sufficiently strong to injure the masonry. 

The bottom of the canal below the lock should be protected 
by what is termed an apron, which is simply a covering of 
plank laid on a grillage, or else one of brush wood and dry 
stone. The sides should also be faced with dry stone. The 
length of this facing will depend on the strength of the cur- 
rent ; generally not more than from fifteen to thirty feet 
from the lock will require it. The entrance to the head- 
bay is, in some cases, similarly protected, but this is un- 
necessary, as the current has but a very slight effect at that 
point. 

Lock Gates. A lock gate (Fig. 120) is composed of two 
leaves, each leaf consisting of a solid frame work covered 
on the side towards the water with thick plank made water 
tight. The frame usually consists of two uprights of seve- 
ral horizontal cross pieces let into the uprights ; and of a 
diagonal piece, or brace, intended to keep the frame of an in- 
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yariable form. The upright around which the gate turns, 
termed the quqitij or heel-post, is rounded off on the back to 
fit in the hollow quoins ; it is made slightly eccentric with' 
them, so that it inay turn easily without rubbing against 
them ; its lower end rests on an iron gudgeon, to which it is 
fitted by a corresponding indentation in an iron socket on 
the ^id ; the upper extremity is secured to the side walls by 
an- iron collar, within which the post turns. The coUar is 
so arranged that it can be easily fastened to, or loosened 
from two iron bars, termed anchor-irons, which are firmly 
attached by bolts, or a lead sealing, to the top course of the 
walls. One of the anchor-irons is placed in a line with thq 
leaf when shut, the other in the line when open, to resist most 
effeetually the strain in those two positions of the gate. The 
opposite upright, termed the mitre-post, has one edge bevelled 
oS, to fit against the mitre-post of the other leaf of the gate* 

A long heavy beam, termed a balance beam, from its par- 
tially balancing the weight of the leaf, rests on the quoin 
post, to which it is secured, and is mortised with the mitre 
post. The balance beam should be about four feet above the 
top of the lock, to be readily manoeuvred, its principal use 
being to open and shut the leaf. 

The top cross piece^ should be about on a level with the 
top of the lock ; the bottom piece should swing clear of the 
bottom of the lock. A wooden beam, termed a. fender-beam, 
is sometimes fastened to the mitre-sill for the bottom piece to 
rest against ; this forms a better water-tight joint, and also 
preserves the mitre-sill from injury from the shock of the 
gate. It has also been suggested, to make the hollow quoins 
of wood, for the same reasons ; but as this material is very 
perishable when exposed, as it must be, in such a situation, 
and as it does not unite with mortar, it is doubtful whether 
it would prove an advantageous substitute for stone. The 
arrangement of the intermediate cross pieces may be made 
to depend on their dimensions ; if they are of the same 
dimensions, then they should be placed nearer together at the 
bottom, as the pressure of the water {Note 12) is there 
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greatest; lmt,l)y malungthemofimequaldiiiieiieioiui, (hey 
^may be placed i^ eqnal distances apart; HoBj hofwe^et, is not 
of much importance except in large galeS| and coiuridenUe 
depths of water. 

The plank maybe arranged either parallel to the nprighto, 
or parallel to the diagonal brace ; in tiie latter poeitioQ they 
will act witfi the brace to prese rv e tfie form of the firame. 

A wide board supported on brackets, is often affixed to the 
galeS| both for the manoBUvre of tiie machinecy of the Talyes, 
and to serve as a footbridge across the lock. The valvies are 
small gates which are arranged to ckise theopeninga samdeia 
the gates for letting in or drawing off the water. They are 
arranged to slide up and down in grooves, by Ae aid of a 
rack and pinion work ; or they may be made to. open or 
shut by turning on a vertical axis, in wbichcase tlieyaxe. 
tesmedpaddle gates. The openings in the upper gales ale 
made between tihe two lowest cross pieces, and nearer to the 
quoin thanto the mitre-post, for the double reaaon of fttiguing 
the gate less by Aeir additional weight, and that -of their ma- 
chinery, and to throw the current through the openings more 
towards the centre of the chamber. In the lower gates the 
openings are placed just below the sur&ce of the water in 
the reach. The width of the opening will depend on the 
time in which it is wished to fill the lock ; it is usually be- 
tween two and four feet. 

Accessory Works. Under this head are classed those con- 
structions which are not a part of the canal proper, although 
generally found necessary on all Canals ; as the culverts for 
conveying off the water courses which intersect the line of 
the canal ; the inlets of feeders for the supply of a reach ; 
aqueduct bridges, &c. &c. 

Culverts. The disposition to be made of water courses 
intersecting the line -of Ae canal will depend on their size, 
the character of their current, and the relative positions of 
the canal and stream. 

Small brooks which lie lower than the canal are conveyed 
under it through an ordinary culvert (Fig. 122). K the level of 
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the two is nearly the same, it will then be necessary to make 
the culvert in the shape of an inverted syphon, and it is there- 
fore termed a broken-back culvert. If the water of the brook 
is generally limpid, and its current gentle, it may, under the 
last case, be received into the canal. The point at which a 
brook, or a feeder, is received into the canal should be so ar- 
ranged that the water may be shut off, or let in at pleasure, 
in any desired quantity. For this purpose a cut is made 
throu^ the sides of the canal, and the sides and bottom of 
the cut are £Bu:ed with masonry laid in hydraulic mortar. 
A sliding gate, fitted into two grooves made in the side 
walls, is manoeuvred by a rack and pinion work, so as to re- 
gulate the quantity of water to be let in. The water of the 
feeder, or brook, should first be received in abasin, or reservoir, 
near the canal, where it may deposite its sediment before it is 
drawn o£ In cases where the line of the canal is crossed 
by a torrent which brings down a large quantity of sand, 
pdi)bles, d&c., it may be necessary to make a permanent struc- 
ture over the canal forming a channel for the torrent ; but if 
the discharge of the torrent is only periodical, a movable 
channel may be arranged, for the same purpose, by construct- 
ing a boat with a deck and sides to form the water-way of the 
torrent. The boat is kept in a recess in the canal near the 
point where it is used, and is floated to its position, and sunk 
when wanted. 

Aqueducts. When the line of the canal is intersected by a 
wide stream, it will be necessary to construct an aqueduct 
over the stream for the use of the canal. These construc- 
tions have been made of masonry, of wood, and of cast iron. 
They consist essentially of a water-tight channel, supported 
on the ordinary construction for a bridge. The supports of 
the bridge, and its superstructure for sustaining the water- 
way, may be either of masonry, or of frame work. When 
the substructure is of masonry, (Fig. 121,) the water-way 
is of the same material, and consists simply of a channel wide 
snough for the passage of a single boat; of a tow-path of the 
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smallest width on one side ; and a narrow fi)Ot-path on the 
other. The water-way is faced with stone, or brick, and the 
tow and foot paths with Aagging, The spaces between the 
facing of the water-way, the backs of the arches under it, 
and the head walls, of the aqueduct, should be filled in with 
beton, or rubble, laid carefully in the best hydraulic mortar. 
These spaces sometimes, for economy, are filled in with a clay 
puddling I but the method is bad, as it is almost impractica- 
ble to render it perfectly water-tight. A wooden water-way, 
consists simply of a water-tight trough, made of thick plank, 
which are supported by a suitable frame work on the exterior. 
The tow-paths in this case should be separate from Ae water- 
way, to give greater security to the system. Iron water-ways 
are formed on similar principles to those of wood. 

Canal Bridges. Bridges for roads, over a canal termed 
canal bridges, are constructed like other structures of the 
same kind. In planning them the engineer should endea- 
vor to give sufficient height to the bridge to prevent those 
accidents, of but too frequent occurrence, from persons stand- 
ing upright on the deck of the passage-boat whilst passing 
under a bridge. 

Waste- Wier. To rid a reach of its surplus water, a con- 
struction, termed a waste-wier, is formed. This consists 
(Fig. 122) simply of a cut through the side of the canal, 
which is faced with masonry. The cut may be closed by a 
sliding gate, or by stop-plank, placed in grooves in the side 
walls, like the methods used for the tail-bay of a lock. The 
opening remains permanently closed from the bottom to a 
given height, and when the water in the reach rises above this 
point, it discharges itself over the waste-wier. By raising the 
gate, or taking out the stop-plank, the waste-wier operates as 
a drain. Waste-wiers have also been made on the principle 
of the syphon ; but the method is bad, as they are more ex- 
pensive, and less effective, than the simple means just de- 
scribed. 

Reach Dams, In long reaches, an accident happening at 
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any one point might cause serious injury to the navigation, 
besides a great loss of water* To prevent this, in some mea- 
sure, the width of the canal may be diminished, at several 
points of a long reach, to the width of a lock, and the sides, 
at these points, may be faced with masonry, arranged with 
grooves and stop-planks, to form a temporary dam for shut- 
ting off the water on either side. 

T\de or Chuard Lock. The point at which a canal enters 
a river requires to be selected with judgment. Generally 
speaking, a bar will be found in the principal water course 
at, or below, the points where it receives its ajSluents. When 
the canal therefore follows the valley of an ajSluent, its outlet 
should be placed below the bar, to render its navigation per- 
manently secure from obstruction. A large basin is usually 
formed at the outlet, for the convenience of commerce ; and 
the entrance from this basin to the canal, or from the river to 
the basin, is effected by means of a lock with double gates, so 
arranged that a boat can be passed either way, according as 
the level in the one is higher or lower than that in the other. 
A lock so arranged is termed a tide or guard lock, from its 
uses. The position of the tail of this lock is not indifferent 
in all cases where it forms the outlet to the river ; for were 
the tail placed up stream, it would be more difficult to enter a 
boat, or take it out, than if it \fere down stream. 

RIVERS. 

improvements in rivers, for the purposes of navigation, 
should be based on a knowledge of the phenomena presented 
by currents in open channels. These phenomena are best stu- 
died, by observing the changes which take place in natural wa- 
tercourses, arisingfrom any variation in the volume of the wa- 
ter, and the velocity and direction of the current. When the re- 
lations between the cross section of a stream, its longitudinal 
slope, the nature of its bed, and the volume of water remain 
permanently invariable, or change insensibly with time, the 
river is said to have acquired a fixed regimen. 

27 
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A river with a fixed regimen is said to be regulated when 
its banks are protected either naturally, or artificially, from 
the erosion of the current, — ^the surrounding country is se- 
cured firom inundations, — and the draught of water, and th« 
banks are in a suitable state for navigation. 

Changes in the bed of a river vary with the velocity of the 
current ; — the size, form, and specific gravity of the particles 
which compose the soil of the bed,^-4he side slopes of the 
banks, and their direction with respect to the current. 

It is generally found in nature that the longitudinal slope 
of rivers is greatest nearest the source, and that this slope 
decreases towards the mouth, at which point the cross section 
is generally widest, and is found to decrease in ascending to- 
wards the source. From this natural form of the bed, the 
velocity is also greatest towards the source, and gradually 
decreases towards the mouth. This diminution of the velo- 
city causes the heaviest particles to be deposited in the upper 
part of the bed, where the current, from the change in its 
velocity, is no longer able to bear them along, and the lifter 
particles to bedeposited lower down, according to their weight. 
From the successive deposites, accumulations, termed bars, are 
formed at different points in the course of a river ; the one at 
its mouth being usually formed of the lightest particles that 
the current will bear along. The bars would gradually accu- 
mulate without shifting, and the river would acquire a fixed 
regimen, were the volume of water thrown into it uniformly 
the same ; for the current would by degrees acquire a uniform 
velocity, by widening, or deepening, the cross section of the 
bed, where it was confined in a narrow valley, from which a 
uniform velocity would result ; or if in a wide valley, the 
river would gradually take a winding course, from which the 
longitudinal slope would be decreased, and the same result 
would follow. 

An abrupt change in the course of a river is termed an 
elbow. When an elbow commences to form, the tendency of 
the current will be to render it more prominent ; for the origin 
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of elbows arises from some deflection in the current against 
one of the banks, which wears that bank away, and throws 
the debris on the opposite shore ; and as the erosion on the 
one side, and the accumulation on the other, become more 
prominent, the deflection becomes greater, and the action of 
the corrent is thereby prc^rtionally increased. Rivers with 
wide valleys take a very winding course from this action ; and 
in those with narrow valleys the elbows shift gradually from 
point to point, occupying in a series of years every point of 
the course. 

From this continued action of the current on the banks, 
the bed is gradually filled up, and becomes less capable of 
giving a free issue to the ordinary volume of water thrown 
into it ; the consequences, found to ensue from this, are, that 
in seasons of freshets the banks are torn away, and frequently 
new arms are formed to the river. This is particularly 
seen to take place near the mouth, giving rise to those nu- 
merous channels which are named delta, after the peculiar 
jform of that of the Nile. 

From the foregoing remarks it appears, that a sudden in- 
crease in the volume of water, and in the velocity, are the 
principal causes in the changes of the regimen of a river; and, 
therefore, that in all attempts at regulating it, these causes 
should principally be borne in mind. 

In forming a plan for a river improvement, four principal 
objects are to be considered by the engineer. 1st, The 
means to be taken to protect the banks from the action of the 
current 2d, The means to prevent inundations of the sur- 
rounding country. 3d, The removal of bars, elbows, and 
oth^ natural otetructions to navigation. 4th, The means 
to be resorted to for obtaining a suitable depth of water for 
boats, of a proper tonnage, for the trade on the river. 

To pr€>tect the banks, some artificial means must be resorted 
to, which, by decreasing the velocity of the current in shore, 
will lessen its action on the soil; or else a facing of some ma- 
terial suiSkli^ntly durable to resist its action must be employed. 
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The ibniier method may be used when the banks are low, 
and have a gentle declivity ; the smqdest plan omsists in 
pi^Mitwig such shrubbery <m the dedivity as will thrive near 
water; or by driving down short jAckets and interlacing 
them with twigs, forming a kind of wicker work. These 
oonstmctions Inreak the force of the cnrrrait, and diminish its 
in diore vdocity, and thus cause the water to deposite its 
finer partides, which gradually fill out and strengthen the 
banks. If the banks are high, and are subject to cave in 
from the action of the current on their base, they may be 
either cut down to a gende declivity, as in the last case ; or 
else they may receive a slope of nearly 45^, and be fiiced with 
dry stone, care being tak^i to secure the base by an enrock- 
ment, or by a fiu^ing of brush and stoae laid in alternate 
layers. 

At the points in the course of a river where inundations 
are to be i^prehended, the water-way, if practicable, should 
be increased, all obstructions to the free discharge of the wa- 
ter below the point should be renooved, and dykes of earth, 
usually termed levees, should be raised on each side of the 
river. By increasing the water-way a temporary improve- 
ment only will be effected ; for, except in the season of freshets, 
the velocity of the current at this point will be so much de- 
creased as to form deposits, which, at some future day, may 
prove a cause of destruction. In confining the water between 
levees, two methods have been tried ; the one consists in 
leaving a water-way strictly necessary for the discharge of 
freshets ; the other consists in giving the stream a wide berth. 
There is an example of the first method in the Po in Italy, 
the effect of which has been to raise the bed of the stream so 
much that in many parts the water is habitually above the 
natural surface of the country, leaving it exposed to serious 
inundation should the levees give way. The other method 
has been tried on the Loire in France, and observation has 
proved that the general level of the bed has not sensibly risen 
for a long series of years ; but it has been foimd that the bars. 
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which are formed after each freshet, are shifted constantly 
by the next, so that when the waters have subsided to their 
ordinary state, the navigation is extremely intricate from this 
cause. Other means have been tried, such as opening new 
channels at the exposed points, or building dams above them 
to keep the water back ; but they have all been found to afford 
only a temporary rehef. 

The prepress of an elbow may be stopped, and the deposite 
from it be removed, by building a straight dyke, so as to shut 
in the concave side, and turn the current on the other. This 
is perhaps the best method, as the current is not abruptly de- 
flected by it. Another method consists in building out a 
dike perpendicular to the shore on the concave side, or else 
making such an angle with it as to direct the head of the 
dike down stream. By this means the current will be abrupt- 
ly deflected towards the opposite shore, and the dike, which 
is termed a wing-dam^ will protect its own shore for a dis- 
tance above it equal to about twice its length, and below it 
about three times its length, so that the bed, in shore, will 
gradually be filled up, whilst on the opposite shore it will 
deepen and widen. 

The dikes used for this purpose may be formed entirely of 
dry stone ; of crib-work filled with loose stone; or of alter- 
nate layers of brush and loose stone. The last method is in 
general use on the Rhine, and is found fully to answer both 
for straight and wing-dams. 

As bars are formed by widening the bed, the remedy for dis- 
sipating them is in narrowing it. This is done by confining 
the channel between dikes, formed of alternate layers of brush 
and gravel, or stone, below the lowest water line ; and of earth 
faced with dry stone, or of dry stone alone, above it. If the 
river divides into several channels near the bar, which will 
be found frequently to take place, they should all be barred 
except the main channel, so that by throwing all the water 
into one channel, the effects of the current may be more sen- 
sibly felt If the bar only forms on one side, it may be dissi- 
pated by deflecting the current from the opposite shore upon it. 
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Bars may be remedied by placing a series of dams on thft 
upper part of a rirer's course, to arrest the heavier particles 
that would otherwise be borne farther down, so that those 
which are formed in the lower parts, being of light particles, 
may be more easily dissipated. But whatever means may be 
used to remove this obstruction, its effects can-cmly be tempo- 
rary ; for unless the deposits can be. removed entirely firom 
the river, they must accumulate at some point, and finally form 
an obstruction. Those which form at the mouths of rivers 
are peculiarly of this character, and can cmly be racnoved by 
machinery, or, in certain localities, where a great bead of 
water can be obtained from high tides, by forming artificial 
reservoirs which are filled at high water, and discharged at 
low water on the bar. 

When the bed is obstructed by rocks, it may be deepened 
by Uasting the rocks, and removing the £ragments with tbe 
assistance of the diving bell, and other machinery^ 

In some of our rivers, obstructions of a very dangerous 
character to boats are met with, in the trunks of large trees 
which are imbedded in the bottom at one end, whilst the 
other is near the surface, they are termed snags^ and sawyers 
by the boatmen. These obstructions have been very success- 
fully removed, within late years, by means of machinery, and 
by propelling two heavy boats, moved by steam, which are 
connected by a strong beam across their bows, so that the 
beam will strike the snag, and either break it off near the 
bottom, or uproot it. Other obstructions, termed rafts^ 
formed by the accumulation of drift wood at points of a 
river's course, are also found in some of our western rivers. 
These are also in process of removal, by cutting through 
them by various means which have been found successful. 

WTien the general depth of water in a river is insufficient 
for the draught of boats of the most suitable size for the trade 
on it, an improvement, termed lock and dam navigation^ is re- 
sorted to. This consists in dividing the course into several 
suitable reaches, or pools, by forming dams to keep the water 
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in the pool^ a constant head ; and by passing from one pool 
to another by locks at the ends of the dams. 

The dams are only made of sufficient height to give the 
pool the requisite depth, the surplus water being suffered to 
flow over the dam. This arrangement will require the sur- 
fiu», at least, of the dam, as well as the bed Ibr some distance 
below it, to be &ced with some material that will witlistand 
the efibde of the current. Yarious constructions have been 
used for this purpose according to the means at hand. Dams 
o{ alternate Ihyets of brush and gravel, with a facing of plank, 
ftficines, or dry stone, answer very well in gentle currents. 
If the dam is exposed to heavy freshets, to shocks of ice, and 
other heavy floating bodies, as drift wood, it would be more 
prudent lo form it of dry stone entirely, or of crib-work 
filled with stone ; or, if the last material cannot be obtained, of 
a solid crib-work alone. The bed. below the dam is protected 
by an enrockment, or by a facing of fascines and loose stone. 
If the dam is to be made water-tight, sand and gravel in suffi-^ 
cient quantity may be thrown in against it in the upper pool* 
The points where the dam joins the banks, which are termed 
the roots of the dam, require particular attention to prevent 
the water from filtering around them. The ordinary pre- 
caution for this is to build the dam some distance back into 
the banks. 

The ordinary lock is the safest means to pass the boats 
from one pool to another. It is placed at one extremity of 
the dam, and perpendicular to it, near the bank. The part 
of the dam adjoining the lock should be raised above the 
highest water level, to prevent a current near the lock. The 
head of the lock is also protected from floating bodies by a 
small wing-4am above it. 

In place of the lock of usual form, it has been proposed to 
make a small basin at the end of the dam, to be entered from 
the upper pool by ordinary lock gates placed along the 
banks, with lock gates similarly placed for the passage to the 
lower pool. This basin might be made large enough, if it 
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were deemed edvinUei for the pemge of eeveral boats. lis 
construction would be probably kas expensive than that of 
the cc»nmon lod^ as its sides might be fiu^ed with dry stone 
alcme, 

A very common, but unsafe method of passing from one 
pool to another, is that which is termed JlasAii^' ; it consisls 
of a sluice in the dam, which is opened and closed by meaiM 
of a gate reTolving on a vertical axis, which is so arranged 
that it can be manoBUvred with ease. One plan for this pur- 
pose is to divide the gate into two unequal sur&oes by an axis, 
and to place a valve in the greater surfiuse of sndhdimensioiis, 
that when opened the sur&ce against which the water pres- 
ses shall be less than that of the smaller siafoee. The play 
of the gate is thus rendered very simple ; when the valve is 
shut, the pressure of water on the larger surfece eloees it 
against the sides of the sluice; when the- valve is opened, the 
gate swings round and takes a position in the direction of the 
current Yarious other plans for flashing on similar princi- 
ples are to be met with. 

SEAOOAST IMPROVEMENTS. 

The following subdivisions may be made of the works 
belonging to this class of improvements. 1st. Artificial Road- 
steads. 2d. The works required for natural and artificial Har- 
bors. 3d. The works for the protection of the seacoast against 
the action of the sea. 

Roadsteads. This term is applied to indentations of the 
coast, forming arms of the sea, where vessels may ride se- 
curely at anchor whilst waiting to proceed to sea. If the 
indentation is covered by natural projections of the land, or 
capes^ from the action of the wind and waves, it is said to be 
land-locked ; in the contrary case it is termed an open road- 
stead. 

Before adopting any definitive plan for the improvement of 
the seacoast at any point, the action of the tides, currents, 
and waves at that point must be ascertained. 
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The theory of tides is well understood ; their rise and 
duration, caused by the attraction of the sun and moon, are 
also dependent on the strength and direction of the wind. 
Along our own sea-board, the highest tides vary greatly be- 
tween the most southern and northern parts. At East^rt, 
Me., the highest tides, when not affected by the wind, vary 
between twenty-five and thirty feet above the ordinary low 
water. At Boston they rise from eleven to twelve feet above 
the same point, under similar circumstances ; and from New- 
York, following the line of the seaboard to Florida, they sel- 
dom rise above five feet. 

Currents are principally caused by the tides, assisted, in 
some cases, by the wind. The theory of their action is sim- 
ple. From the main current, which sweeps along the coast, 
socimdary currents proceed into the bays, or indentations, in 
a line more or less direct until they strike some point of the 
shore, from which they are deflected, and firequently separate 
into several others, the main branch following the general 
direction which it had when it struck the shore, and the 
others, not unfirequently taking an opposite direction, form- 
ing what are termed counter currents, and, at points where 
the opposite currents meet, that rotary motion of the water 
known as whirlpools. The action of the currents on the 
coast is to wear it away at those points against which they 
directly impinge, and to transport the debris to other points, 
thus forming, and sometimes removing, natural obstruetions 
to navigation. These continual changes, caused by currents, 
make it extremely difficult to foresee their effects, and to 
foretell the consequences which will arise from any change 
in the direction, or, the intensity of a current, occasioned by 
artificial obstacles. 

A good theory of waves, which shall satisfactorily explain 
all their phenomena, is still a desideratum in science. It is 
known that they are produced by winds acting on the surface 
of the sea ; but how far this action extends below the surface, 
and what are its effects at various depths, are questions that 
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lemain to be answeied. The iiioeteoiiiiiioDlyieceiTed theory 
iiy that a wave is a eimple oeciMation of the wateri in which 
eafehpartJdeiiaee andfiJlii in aTOrtical linOy a certain diatance 
during each oedllationy withoutreoeinng any moliem ef tMa»- 
lation in a horixontal direction ; and that the eflEbcta caiued 
by this oscillation are only felt within its limits^ or betweea 
the highest and lowest points of the wave ; or, if &lt beneath 
Ae siuftce of the water^they are only so at very inconsider- 
aMe depths. The objeetien to thistheovy iS|,thatit does not 
explain many phenomena which axe obser? ed in eonnectioB 
with waves. 

In a reeent Frendi work on ttus sabject, its authoTi Ck)IoiieI 
Emy, an engineer ot hi^ standings combats the received 
theory; and contends that the particles <^ water, receive also a 
motion of translation lumaaontally, which| with that of ascen- 
sion, cause the particles to assume an orbicular motiony each 
particle describing an orbit, which he supposes to be ellipticaL 
He figurther contends, that in this manner the partides at the 
surface communicate their motion to those just below them, 
and these again to the next,, and so on downwards, the inten- 
sity decreasing from the sur&ce, without however becoming 
insensible at even very considerable depths f and that, in this 
way, owing to the reaction from the bottom, an immense vo- 
lume of water is propelled along the bottom itself, with a mo- 
lion of translation so powerful as to overthrow obstacles of the 
greatest strength if directly opposed to it. Prom this he argues 
that walls built to resist the shock of the waves should receive 
a very great batter at the base, and that this batter should 
be gradually increased upwards until, towards the top, the 
wall should project over, thus presenting a concave sur- 
face at top to throw the water back. By adopting this 
ferm he contends, that the mass of water, which is rolled 
forward, as it were, on the bottom, when it strikes the fece of 
the wall, will ascend along it, and thus gradually lose its mo- 
mentum. How far these views are correct, observation re- 
mains to determine. It is certain, from experiments made by 
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the author in question upon walls of the fonn here described, 
that they answer fully their intended purpose. 

The anchorage of open roadsteads is often insecure, owing 
to violent winds setting into them from the sea, and occa- 
sioning high waves which are very straining to the moorings. 
The remedy applied in this case is to place an obstruction, 
near the entrance of the roadstead, to break the force of the 
waves from the sea. These obstructions, termed break-wa- 
tersy are artificial islands of greater or less extent, and of 
variable form, according to the nature of the case, made by 
throwing heavy blocks of stone into the sea and allowing them 
to take their own bed. 

The first great work of this kind undertaken in modern 
times, was the one at Cherbourg in France, to cover the road- 
stead in front of that town. Various experiments were at 
first tried with no good result, and the plan was finally 
adopted of throwing the stone in loosely, and allowing it 
to take the best form. From the experience gained at this 
work, results have been arrived at with regard to the most 
suitable form for the cross section of a break-water. It ap- 
pears (F^g. 123) that towards the shore, the mass of stone 
should receive a dope not less than 45° ; — that towards the 
sea, the part of the mass below the lowest water lin« should 
receive a slope somewhat less than one perpendicular to one 
base ; — ^the portion between this point and the highest water line 
should receive a slope between five and six base to one per- 
pendicular; — ^and the part above this a slope of two base to 
one perpendicular. The Cherbourg break-water is ten feet 
above the highest tides towards the shore, and is twenty feet 
wide at top, a parapet wall being built on top, towards the sea, 
to afford a shelter to persons on the break-water during heavy 

gales. 

The next work of the kind was built to cover the road- 
stead of Plymouth in England. Its cross section was, at first, 
made with an interior slope of one and a half base to one 
perpendicular, and an exterior slope of only three base to one 
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peipendieular ; bat fiDom the damage UsoiUuiied in the aevin 
tempests in the winter of 1816-17| it is thooglil that its exts- 
ruHT dope was too abrapt 

A work of the same kind is still in process of oonstm^ioD 
on oar coast| off the mouth of the Delaware. Tim same 
cross section has been adopted for it a* in the ope at Cher- 
bourg. 

AU of these works were made in the same way, bf Tessds 
discharging the stone on the spot, and allowing it to take its 
own bed; except for the iacingy where, when praeticaUe^ the 
blocks were carefully laid, so as to present a unifofm sor&ce 
to the waves. The interior of the mass, in each case, faai 
been formed of stone in small blockB, and the focing of Tery 
large blocks. It is^thbn^t, however, that it woold be more 
prudent to form the whole of large bkxdES, because, were the 
exterior to suffisr damage, and experience shows that the hear 
▼iest blocks yet used, have at times been carried off by the 
shock of the waves, the interior would still piesMit a great 
obstacle. 

From the foregoing details, respecting the cross sections of 
break-waters, which have been found to answer fix>m experi- 
ment, the proper form and dimensions of the cross section in 
similar cases may be arranged. As to the plan of such works, 
it must depend on the locality. The position of the break- 
water should be chosen with regard to the direction of the 
heaviest swells from the sea, into the roadstead,— the action 
of the current, and that of the waves. The part of the roadr 
stead which it covers should afford a proper depth of vniter, 
and secure anchorage for vessels of the lai^;est class, durin£[ 
the most severe storms ; and vessels should be able to double 
the break-water under all circumstances of wind and tide. 
Such a position should, moreover, be chosen that there will 
be no liability to obstructions being formed within the road- 
stead, or at any of its outlets, from the change in the current 
which may be made by the break-water. 

Harbors. The term harbor is applied to a secure anchor- 
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age of a more limited capacity than the idea attached to a 
roadateadi and there&re offering a safer refuge during bois- 
terous weather. Harbors are either ncUurcU, or artifiddl. 
An artificial harbor is usually formed by enclosing a space on 
the coast b^ween two arms, or dikes of stone, or of wood, 
teiw^jeities^ which project into the sea from the shoie, in 
such a way as to cover the harbor from the action of the 
wind and waves. 

The plan of each jetty is curved, and the space enclosed 
by the two will depend on the number of vessels which it 
may be supposed will be in the harbor at the same time. 
The distance between the ends, or heads^ of the jetties, which 
Ibrms the mouth of the harbor, will also depend on local cir- 
cumstances ; it should seldom be less than one hundred yards, 
and generally need not exceed more than five hundred. 
There are certain winds at every point of a coast which are 
more unfiivorable than others to vessels fetching both in and 
out of the harbor, and to the tranquillity of its water. One 
of the jetties, should, on this account, be longer than the 
other, and be so placed that it will both break the force of the 
heaviest swells from the sea into the mouth of the harbor, 
and fitcilitate the ingress and egress to vessels, by preventing 
them from being driven by the winds on the other jetty, just 
as they are entering or quitting the mouth. 

The cross section, and construction of a stone jetty difier in 
nothing from those of a break-water, except that they are 
usually wider on top, thirty feet being allowed, as they serve 
as wharves to vessels unloading. The head of the jetty is 
usually made circular, and considerably broader than the 
other parts, as it, in some instances, receives a lighthouse, and 
a battery of cannon. It should be made with great care, of 
large blocks of stone well united by iron or copper cramps, 
and the exterior courses should moreover be protected by fen- 
der beams of heavy timber, to receive the shock of floating 
bodies. 

Wooden jetties are formed of an open frame work of heavy 
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Ciinberi dw tides of which are oorered on dio interior by a 
strong sheeting of thick plank. Each rib of the frame 
(Fig. 184) consists of two inclined pieoeSi which fixrm 
die sidesy — an a|ffiglit centre pieoe^ — and horiaontal damp- 
ing pieces, which are notched and bolted in pairs on Ae in- 
dined and upright pieces; the indined pieces are frrdier 
strengthened by stmts, whidi abut against them and the up- 
right The ribs are connected by large string-pieces, laid 
horiaontally, which are notched and bdted on the inclined 
pieces, the uprights, and the danqping pieces, aft their points 
of junction. The foundation, on which this framework 
rests, consists usually of three rows of large piles driven un- 
der die foot of the indined pieces and ^uprights. Therowi 
of piles are fimdy connected by cross and longitudinal beams 
notehed and bdted on them; and they are, moreover, firmly 
united to the frame work in a similar manner. The interior 
dieeting does not, in all cases, extend the entire lengdi of the 
sides, but open spaces, termed dear-ways^ are often left, to 
give a free passage and spread to the waves confined be- 
tween the jetties, for the purpose of forming smooth water in 
die channel If the jetties are covered at their back with 
earth, the clear ways are made in the shape of inclined 
planes. 

The foundations of the jetties require particular care, espe- 
cially when the channel between them is very tiarrow. An 
enrockment around the piles is the ordinary construction 
used for this purpose ; and, if it be deemed necessary, the 
bottom of the entire channd may be protected by an apron 
of brush and loose stone. 

The top of the jetties is covered with a flooring of thick 
plank, which serves as a wharf. A strong hand railing should 
be placed on each side of the flooring as a protection against 
accidents. The sides of jetties have been variously inclined; 
the more usual inclination varies between three and four 
perpendicular to one base. 

Jetties are sometimes built up to form a passage to a natu- 
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nX harbori which is either very much exposed, or subject to 

bam at its moath. By narrowing the passage to the harbor 

betwem the jetties, greater velocity is given to the current 

caused by the tidci and this alone will free the greater part 

of the channel from deposits. But at the head of the jetties 

a bar will, in almost every case, be found to accumulate, 

from the current along shore, which is broken by the jetties, 

and firom the diminished velocity of the ebbing tides at this 

point To dissipate these bars resort may be had, when 

practicable, to reservoirs, and sluices, arranged with turning 

gates, like those adverted to for river improvements. The re- 

mnrcixs are formed by excavating a large basin in-shore, at 

wme suitable point from which the collected water can be 

directed, with its full force, on the bar* The basin will be 

filled at flood tide, and when the ebb commences the sluice 

gates will be kept closed until dead low water, when they 

dioold all be opened at once to give a strong water chase. 

In harbors, where vessels cannot be safely and conveniently 
iooored along side of the quays, large basins, termed wet- 
docks are formed, in which the water can be kept at a constant 
ieveL A wet dock may be made either by an in-shore exca- 
vation, or by enclosing a part of the harbor with strong water- 
tight walls ; the first is the more usual plan. The entrance 
to the basin may be by a simple sluice, closed by ordinary 
lock gates, or by means of an ordinary lock. With the first 
method vessels can enter the basin only at high tide ) by the 
last they may be entered or passed out at any period of the 
tide. The outlet of the lock should be provided with a pair 
of guard gates, to be shut against very high tides, or in cases 
of danger from storms. 

The construction of the locks for basins differs in nothing 
in principle, from that pursued in canal locks. The greatest 
care will necessarily be taken to form a strong mass free from 
all danger of accidents. The gates of a basin-lock are made 
convex towards the head of water, to give them more strength 
to resist the great pessure upon them. They are hung and 
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HfcMMHinnnl dMhwndy from mdmuy iMft galet ; Hm qaaoM^ 
poll ii ttlacfaed to Ae aide walb in tlM lisail imf , ta^ 
iioC of the had-iiO0t an iioa roller 10 altadied, which 
en iron ndler-wayi end tfaue eopporte that end et die ke^ 
rdieiriiqgr the ooUar of the qnoin-poat frnn the atiain ftrnt^ 
would be oCherwiee dirown on it^ beeidie giving the kef an 
eaefplaj. A chain is attached to each leaf near the centie 
ct lauMimu of die watsfi end the gate ie opened, or doeed, 
by die motion (tf a windlaee to which the other end of the 
chain ie fitftened. 

The qnaye of wet^ocks aro nnalljr baik of nauKmry. 
Both teick and slone haro been need ; the fiuang aft least 
■hoold be of dreoBed etone. Large ftnder4ieami may be 
attached to the &oe of the wall, to prevent it from being 
hrooght in contact widi die ridee of die veenla. The ciott 
eecdon of qnay-walb ehoold be fixed on the eame principles 
as that of odier sostaining waUe. It m^t be pradent to 
add buttresses to the backof the wall to strengthen it against 
the shocks of the vessels. 

Ordinary quay-walls are, with us, freqaendy made of tim- 
ber after die nsaal ftshion of crib-work; the cribe being 
filled in wiih earth and rubbish to form the walk of the wharf. 
Another mode of constmctioD, which is found to be strong 
and very durable, is now coming into use, particularly in our 
Eastern seaports. It consists in making a kind of crib-work 
of large blocks of granite, and filling in with earth and stone 
rubbish. The bottom course of the crib may be laid on the 
bed of the river if it is firm and horizontal ; in the contrary 
case a strong grillage, termed a ercuUe, must be made, and be 
sunk to receive the stone work. The top of the cradle 
should be horizontal, and the bottom should receive the same 
slope as that of the bed, in order that when the stones are 
laid they may settle horizontally. 

Dry docks, and marine rail-ways, although necessary 
establishments in harbors, for the repairs of vessels, are omit- 
ted here, as they would demand special details with reg&ri 
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to their construction and uses, which would be more readily 
seized upon by an inspection of existing works of the kind. 

Dikes and Sea-walls. To protect the lowlands bordering 
the ocean from inundations, dikes, constructed of ordinary 
earth, and faced toward the sea with some material which 
will resist the action of the current, are usually resorted to. 

The Dutch dikes, by means of which a large extent of 
country has been reclaimed and protected from the sea, are 
the most remarkable structures of this kind in existence. 
The cross section of those dikes is of a trapezoidal form, the 
width at top averaging from four to six feet, the interior 
slope being the same as the natural slope of the earth, and 
the exterior slope varying, according to circumstances, be- 
tween three and twelve base to one perpendicular. The top 
of the dike, for perfect safety, should be about six feet above 
the level of the highest spring tides, although, in many places, 
they are only two or three above this level. 

The earth for these dykes is taken from a ditch in-shore, 
between which and the foot of the dyke a space, of about 
twenty feet, is left, which answers for a road. The exterior 
slope is variously faced, according to the means at hand, and 
the character of the current and waves at the point. In some 
cases, a strong straw thatch is put on, and firmly secured by 
pickets, or other means ; in others, a layer of fascines is spread 
over the thatch, and is strongly picketed to it, the ends of the 
pickets being allowed to project out about eighteen inches, 
so that they can receive a wicker-work formed by interlacing 
them with twigs ; the spaces between this wicker-work being 
filled with broken stone : this forms a very durable and 
strong facing, which resists not only the action of the current, 
but, by its elasticity, the shocks of the heaviest waves. 

The foot of the exterior slope requires peculiar care for its 
protection ; the shore, for this purpose, is in some places, co- 
vered with a thick apron of brush and gravel in alternate 
layers, to a distance of one hundred yards into the water 
from the foot of the slope. 

29 
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To protect the perpendicular blufEs of a high coast, which 
yields to the action of the sea, a facing of stone, termed a 
se€hwaUf must be resorted to. These walls should be made 
of blocks of the largest dimensions, they are laid dry with 
great care to form a soUd mass, the foot of the wall being 
covered by a strong enrockment of large blocks. 
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NOTE I. 
On ike Angle of Friction. 



Let AB, and BC, (Fig* A.) be two inclined planes, the respective 
lengths of which are represented by /', t\ their respective altitudes 
by A', and h'\ and the angles which they make with a vertical 
line by a\ and a". 

If a body, a wheel carriage for example, were to start from a 
state of rest at the point A^ h would, in its descent to B, acquire a 
certain velocity ] and if the transition from AB to BC were gra- 
dual at the point B, the body would commence its descent along 
BC with the same velocity at B which it had acquired in descend- 
ing to that point, and would continue its motion to the point C, where 
it would be found to have acquired a new velocity. 

The circumstances of the motion here considered, in which the 
body is acted on by the incessant force of gravity alone, are, by a 
well known theorem in Dynamics, represented by the expression 

v^ = 2g COS. a ?, 

in which v is the velocity ; — g the force of gravity ; — / the total 
length of the plane ; — and a the angle it makes with a vertical. 

But in the descent of a body down an inclined plane, there exists 
certain causes of retardation to the motion, the principle one of 
which is the friction, and as this force is found not to vary with the 
velocity it may be regarded as a constant retarding force, which is 
in opposition to that of gravity along the plane ; so that the motion 
of the body along the plane will be due to the difference of these 
two forces. 

If then this constant retarding force be represented by / the 
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forces, which cause the motion on the two planes, will be repre- 
sented, respectiyely, by the difference between the components of 
gravity along the planes, and the force/ or by 

g COS. a — / and g cos. a' — /; 

and the circumstances of the motion, when the body has arrived 
at C for example, will, from a law of dynamics, be represoited by 
the expression 

t,« = 2(^cos.a'— /)r + 2(^cos.a"— /)r; 

but as cos. a V => A', and cos. a' I" = A", this expression, by reduc- 
tion, becomes 

v*=2g{h'+k")-2nV + r); 

or, representing by A^A'+A", the total altitude of the planes, and 
by l==l+l", their total length, there results, 

v*=2gh—2fL 

Now, as this expression holds true whatever may be the velocity, 
if it be made nothing, or v==0, the resulting expression will show 
the relations which must exist between the quantities to satisfy this 
condition; but the velocity can be nothing only at the commence- 
ment of the motion, that is when h and I are, respectively, equal to 
nothing, or when the body, by the effect of the retarding force, is 
brought to a state of rest, which, if it be supposed to take place at 
the point C, will be expressed by 

= 2gh — 2fl, 
or fl = gh (A) 

If the mass of the body be represented by Jftf, and each member 
of equation (A) be multiplied by it, there results 

fMl = gMhi (B) 

but as g and /are the accelerating and retarding forces acting on 
each element of the mass, the total retarding force, or the whole 
amount of friction, will hefM^F; and the total accelerating force 
will be gM=W, or the weight of the body. Substituting, there- 
fore, these quantities in eq. (B) there results, 

for the relations between the quantities, when the body is brought to 
a state of rest ; from which the inference is drawn, that if a body, whose 
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'height is Wt comes to a state of rest at a point C, in descending 
under the above-mentioned circumstances, the total amount of fric- 
tion will be found, by multiplying the weight by the height of 
descent, and dividing this product by the distance passed over, 
^ow, as this holds true under all circumstances, it also follows, that 
if an inclined plane were constructed whose height was A, and 
length I, that the body would remain in a state of rest on that 
plane ; or, in other words, that the friction would exactly counter- 
balance the component of gravity along the plane, and the angle 
of the plane thus found will therefore represent the angle of friction. 



NOTE II. 
On the methods of determining the points of Circular Arcs. 

The methods in use for determining on the field the points of cir- 
cular arcs, to connect any two straight portions of a road, or track, 
are based upon a few very simple elementary principles of Geo- 
metry. 

Let ACf and BC, (Fig. B) for example, be the directions of two 
straight tracks, to be connected at the points A, and B^ by a circu- 
lar arc. If the stations A, and J5, are visible from each other, and 
the field of vision, within the triangle ACB, is clear, two grapbo- 
meters, or any other instruments for measuring horizontal angles, 
may be placed at the stations, and a series of equal angles AB1= 
1B2=2BC, and CAl=iA2==2AB, be laid out from them, the 
points 1, 2, &c., where the chords ^1, and Bl, — A2, and JB2, 
&c., intersect each other, so as to make the angles CAl=^ABlf — 
CA2=AB2, &c., will be points in the required arc, which is tangent 
to AC, and BC, at the points A, and B. 

When the field of vision, within the triangle ABC, is obstructed, 
the lengths of the equal chords J.l=12=25 must be calculated, 
from their angles of deflection, 25C=1B2, &c., with the tangents 
AC, and BC, and with each other, which angles are given. The 
lengths of these chords, which are termed suh-chords, and are usu- 
ally ten feet, are generally assumed, and from them the angles of 
deflection are determined, by means of the radius AO, of the cir- 
cle to which the arc belongs. 
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The ibilowing calculations will be required to determine the im- 
diua AOf and any chord. Since the directions of the trackt are 
given, the angle at C is known, and its sapplement, which is the 
angle O between the two radii AO, and BO] and firom an elemea* 
tary principle of Greometry. 

^B=?^l?^. (A) 

Jti 

in which ris the radius AO, — c the angle at C, — AB the chord,— 
and R the tabular radius. From this expression the diameter of 
the circle, or 2r, may be found by logarithmic calculation ; by 
adding the logarithms of the tabular radius and the chord AB^ 
and subtracting from their sum the logarith of the sine of half the 
angle at C; the remainder will be the logarithm of the diameter. 

Having found the diameter of the circle, the angle of deflection 
CAh between the tangent AC, and the given sub-chord Jii, may 
be readily found, from an expression of the same form as the equa- 
tion (A) ; which is, that any chord is equal to the diameter multi- 
plied by the sine of half the angle subtended by the chord, and this 
product divided by the tabular radius ; but as the angle of deflec- 
tion is equal to half the angle subtended by the sub-chord, the 
logarithmic value forthesine of this angle will be£}und, by adding 
the logarithms of the sub-chord and tabular radius, and subtracting 
the logarithm of the diameter. Having thus found the angle of 
deflection, between the sub-chord Al, and the tangent AC, the 
position of the sub-chord can be laid down, and the point 1 be 
marked. 

To find the point 2, at the extremity of an equal sub-chord ; the 
angle of deflection, between the sub-chord 12, and the sub-chord -4.1 
prolonged, must be known ; this angle, from an elementary princi- 
ple of Greometry, is twice the angle of deflection, between the sub- 
chord ^1, and the tangent AC. The angle of deflection between 
all other equal chords will be the same. 

Another method, for laying out the arcs, consists in dividing the 
chord AB, (Fig. C) into any number of equal parts, as, fi>r example, 
ten feet; making Jil=l 2=»23=34, doc., and then calculating the 
perpendicular offsets, to the chord at the points 4, 3, 2, 1, as a4, 
bS, &c. 

This calculation may be readily made, when the radius ^0,and 
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the distance 04 of the chord from the centre are known. The 
radius is found, as has just heen explained ; and 

04 = V^0*— (^^5)«, (B) 

Now from a property of the circle, any ordinate, as he, is expressed 
as follows, 

bc=:V{r + Oc) {r—Ocj', (C) 

and consequently, 

^3= 5c— 04, (D) 

is known. In the same manner d2 would be found, by first calcu- 
lating the ordinate at the point d, and subtracting 04 from it. 

By means of the expressions (A), (B), (C), (D), the sub-chords, 
angles of deflections, and the oflsets, for any given chord, may be 
found ; and the whole may be arranged in a tabular form for prac- 
tical operations on the field. 

If, instead of connecting the points A, and B, by one arc, It were 
deemed advisable to use three, or any other odd number, in order 
to pass from the straight to the curved position of the track, by a 
very small angle of deflection, the method explained in (Note 4) 
might be applied, to determine the radii, &c., of the different arcs, 
which should be tangent to each other at the point of passage from 
one to the other. 



NOTE III. 
On the removal of earth informing Excavations and EmbankmeTits. 

The problem of the removal of earth, from one point to another, 
when reduced to its most simple terms, consists in finding what is 
the least cost for which a given excavation, which may be denoted 
by M, can be made, and the earth from it be carried to another 
point, for the purpose of forming a given embankment M\ The 
problem in itself is of a very complicated character, embracing in 
the data for its solution the most suitable tools, and machines, to 
which the force of men, animals, or other motive power, can be 
applied, both for excavating, and for transporting the earth. 

To go into a full discussion of this subject would greatly exceed 
the limits of this work, and the present Note will, therefore, be 

30 
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confined to a consideration of some of the more usual means of 
removal, and to some of the more simple questions arising out of it 

The motive force most generally employed in excavations is that 
of men, and the tools, to which this force is applied, are the pick 
and the shoveL 

When the earth to be excavated is of such a character that a 
man, with his usual eiSbrts, can remove it with the spade and sho- 
vel, without requiring it to be broken up witli the pick, it is termed 
earth of one man. If the earth is of such hardness as to require 
it to be broken up with a pick, before it can be removed with the 
shovel, it is termed earth of two^ three^ or four men, according ai 
one, two, or three picks may be found necessary to break up ground 
enough to keep one man with a shovel constantly employed. 
There is also reckoned fractional parts of a man's labor \ as, for ex- 
ample, if one pick will keep two shovels employed, the earth is said to 
be of 1 j- m$n ; if thereare two shovels and three picks^ of ^ men, &c. 

The quality of the earth, or the number of men which it will 
require to excavate, can only be determined by experiment, aod 
this may be done as follows : — an able bodied laborer is set to 
work with a pick, a certain time denoted by t, having broken up 
the ground ; another, also of average strength and skill, is em- 
ployed to pitch out the earth thus broken with a shovel ; denoting 
by t\ the time which he takes, it is evident that the ratio of the 
picks to be employed, to that of the shovels, will be expressed by 

— f-,and that the quality of the earth will be represented by 1 +-r. 

In estimating the value of this expression, no fraction less 
than ^ is taken into account. From a variety of experiments on 
the daily labor of a man in excavating earth requiring only the 
use of the spade, it appears that a good laborer can throw out, on 
an average, 526 cubic feet, nearly, in ten hours* labor. If j> then 
denotes the price of his day's work, the cost of a cubic foot of such 

earth, when thrown out, will be -~s-; and, for a similar reason, the 

o»o 

cost of a cubic foot of earth, the quality of which is represented 
by (1 + -^,), will be expressed by 
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This therefore will be one element of the total cost of removing 
a cubic foot ; to determine the other elements, it will be necessary 
to examine the means of transportation. These means consist, 
either in throwing the earth from one point to another with the 
shovel, in which case it may be thrown about 12 feet in a horizon- 
tal, or five feet in a vertical direction ; or, by conveying it in wheel- 
barrows by men, each wheel-barrow containing a load equivalent 
to about a cubic foot of ordinary earth ; or else horse, or other 
power, may be used with suitable machinery. The case to be ex- 
amined here will be that of transportation by wheel-barrows. 

The most economical method of conducting this kind of trans- 
portation consists, in so arranging the distance, termed a relay^ for 
the first wheel-barrow to go over, that a man can go and return in 
the time that it takes to load an empty barrow. The relay on 
horizontal ground has been fixed, by various experiments, at 
about 120 feet; and similar experiments have shown, that on 
sloping ground, the inclination should not exceed twelve base to one 
perpendicular, in order that the effort of a man, in ascending, may 
not be too great ; and with this inclination, the relay should be two 
thirds of that on horizontal ground, or 80 feet, measured on the 
slope of one-twelfth. When there is more than one relay between 
the two points, between which the earth is to be carried, a man is 
stationed at the end of each relay, who receives the full wheel-bar- 
rows, and returns the empty ones. The other element of the total 
cost will be the price of transportation for each relay, which will 
be paid as the load itself: that is as the price of a day's work, divided 
by the whole number of cubic feet carried over the relay. 

Having thus established the price for the excavation of a cubic 
foot, and that of its transportation over one relay, it is evident that 
the total cost will be the least possible, only when the distance to 
which the earth is carried is also the least possible ; or, denoting 
by dM, the mass of any small quantity of the total excavation, 
and by r the distance that it is carried, the condition to be satisfied, 
in effecting the transportation, is that the sum of the products of these 
elements, and the distances over which they pass, shall be the 
least possible, or, frdM, a minimum. The question, as thus stated, 
evidently admits of as many solutions as there can be assigned 
different forms to the excavation and embankment, all, thereforie, 
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that can be proposed to be done, will be to seek ■omegenend roles, 
whieh can be applied to each particular case; and, to do this in 
tho clearest manner, it will be necessary, in the first places to en- 
mine the most simple cases, and to pass from them to those oft 
more complicated kind. 

Let the transportation, in the first place, be supposed to be efiect- 
ed on horizontal ground ; and let it be proposed to remoTe a certain 
quantity of earth from an excavation, represented by the right line 
AB (Fig. D) to an embankment represented by the right line ab ; 
AB and ah lying in the same line. Designating by Jf the length 
AB — by M the length od, — by i the distance BA^ and supposing 
the depth and breadth of M equal to unity ; the sectioa along ah, 

will be representedby •^,, since the eKcavation is equal to the tm- 

bankment Then, as /riM becomes, in this CBm^frdr, its value 
will be expressed by 

frdr^^+C (1) 

Let this integral be first taken with respect to the point 2>, the mid- 
dle of Ba ; then for this point, r=lf-f44 and the integral repre- 
sented by equation (1) being taken within the limits r^M+id, 
and r^^d will give 

that is, the cost of the transportation of M to the point D, is repre- 
sented by the product of M and the distance of its centre of gravity 
from the point D. 

If, now, the transportation of M, from D to ah, be considered, 
it must be borne in mind, that the element of ilf' is no longer dr, 

Tur 

but, is represented by j^ dr making, therefore, this substitution in 

equation (1), and taking the integral between the limits r^M+id, 
aud rasirf, there results 

/• M M 

which shows, that the cost of removing JHT, from 1> to Jf, vnllbe 
measured by the mass JIf, multiplied into the distance of the point 
D from the centre of gravity of M ; so that the total cost of the 
removal of the mass M upon M', will be truly represented by 
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the product of M^ and the distance between the centres of gravity 
of iV and M*^ or representing this distance by jR, the minimum 
cost oi remoyal will be represented by 

frdM=:MR. ... (3) 

The problem, as here solved, for this particular case, admits of a 
more general solution, from the analogy between it and the theory 
of moments ; (or frdM, is the sum of the products of each element 
multiplied in each of their respective distances from the point D, and 
this, from the theory referred to, is known to be equal to the total 
mass Jf, multiplied into the distance of its centre of gravity from 
the same point. 

When several lines of excavation lie on one side, and several 
lines of embankment lie on the other, so that the carriage is in the 
same direction, it is perfectly indifierent as to what point the remo- 
val is commenced at ; but, when the lines alternate, it is no longer 
so, for were the removal to take place in such a way that the par- 
ticles should cross each other, there would be an unnecessary ex- 
pense incurred, equal to the carriage over twice the distance be- 
tween tl^ points at which the particles are deposited. This is 
evid^it from the (Fig. £ ;) for if the embankment AB^ is to be fur- 
nished by the two excavations ab, and ab' ; and a particle from 
a&, is taken to m, and a particle from a!h' to m\ it is clear that the 
paths passed over by the two particles, in thus crossing, is greater 
by twice mm! than they would have been, had the particles not 
crossed each other. 

The line AB must be then so divided that one portion shall be 
furnished from ah nearest to it, and the other portion from a!V\ 
The same reasoning would apply to any number of lines under 
the same circumstances. 

Let the case be now taken, in which it is proposed to remove a 
plane area of excavation, M, upon an area of embankment, repre- 
sented by M, Before examining this case, it will be necessary to 
demonstrate a very simple, but important, principle in the removal 
of earth, first pointed out by M onge ; which is, if there are two ele- 
ments w, and m\ (Fig. F) to be removed to the two positions on the 
embankment n, and n', that the shortest road will be that, in which 
the lines passed over by m, and m', to n and n\ do not cross each 
other between those points ; for suppose the lines passed over to 
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intersect at 0, it is erident that sMi'-Hw'ft— «'H-^+«^+«»'>«mi+ 
mfn\ which proves the principle. Therefi)re, in the remoTal of the 
elements si, «i', m" dbc., of any area, their new positions on the 
emhankment must be so taken, that the right lines, which these 
elements follow, shall not intersect each other ; for, in the contrary 
case, the lines gone over will be longer than they might hare been, 
and the cost of the transportation will not be as small as it might 
hsTo been. 

To apply this principle to the case in point, draw two tangents 
to the two cnr?es which enclose the areas M, and JKT ; it is evident, 
in the first place, that the particle m, (Fig. Q) at the point of con- 
tact on M, most be remov<d to the position 91, the point of contact 
•n Jf ; for were it otherwise placed, some other particle most sup- 
ply the place at % and the lines passed over by these two particles 
would necessarily cross, and the principle just laid down would, 
therefore, be contravened. Let another point a be now taken, on 
the curve bounding ilf, very near to the point m, and let a line ab 
be so drawn, that the small area, between it and the tangent on M, 
shall be equal to that cut off on Jf . This being done^ it is evident, 
that the smaU elementary area cut ojQTon ilf, must be removed upon 
that on Jtf, for, since the two are equal by construction, if a siogle 
particle of the one were transported without the other, another 
particle would have to be taken from M, without ab, to supply its 
place, and as the lines followed by these two particles would cross 
each other, the principle would be violated, and the transportation 
not be as short as it might have been. Drawing a second line a'b' 
in the same manner as ab, to cut off equal elementary areas, the 
same principle may be applied ; and, so on for any number of lines 
a"b'\ a"'b"', similarly drawn. But as these lines are drawn very 
near each other, they may be regarded as sensibly parallel, and, 
therefore, the removal of each small elementary area of Jlf, upon 
that of Jkf , may be regarded as the case first treated, or as the re- 
moval of a right line on another ; and, consequently, the minimum 
cost of the removal of ilf, upon Jlf, will be represented by the sum 
of the products of these elementary areas of M, and the distances 
of their respective centres of gravity from those of the corresponding 
areas on M. The quantity which is thus found, as representing 
the entire cost of removal, must not be confounded with the product 
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MR, or the mass into the distance of the centres of gravity of M 
and M\ for this would represent the smallest value offrdM, which, 
evidently, would he less than the true cost, which is truly repre- 
sented hy the average, or mean of the distances r. 

The case just treated, supposes that there is no very sensible di- 
vergence between the lines ab, a'b', &c. ; were it otherwise, the 
question as solved would not hold true. To ascertain, therefore, 
what is to be done in this case of exception, another principle, first 
laid down by M. Dupin, must be demonstrated ; which is, if there 
are two equal bodies m and m' (Fig. H) to be removed to two points 
H and »', the latter lying on the line of direction mm\ then the least 
transportation will be that in which m' is carried to n', and m to n; 
for join m'n, then there will obtain mn<^mm'-{-mn ; therefore, mn 
+Wn'<«ii»'+i»'»+«»'»', or W7i+«»'w'<mw'-f-»i'n, which proves the 
principle- advanced. 

To apply this principle, let there be an area M, to be removed 
on another M'. Draw in the first place, the two tangents, ab, cd, 
(Fig. I) common to the two curves ; — ^then assume any number of 
points a', a", a'" &c., and c', c", c'" &c., very near each other, and 
draw the secant lines a'b\ a"b'\ &c., and c'd\ c"d" &c., to cut off 
equal elementary areas on M, and M' ; and continue these subdivi- 
sions, until two secants are found which intersect each other at a 
point X on the curve which encloses M, Up to this point the cir- 
cumstances of the transportation will be precisely the same as in 
the case last treated ; but at this point, and within the angle formed 
by the secants xz, and xz\ there are particles which like x may be 
transported indifferently on either side, and those particles, when 
found, will lie on a curve, which will divide ilf into two parts, 
such, that the particles on each side of it must not be carried across 
another line which divides the area JKf in a similar way. This is 
suflSciently evident from the principle which has just been laid 
down, without farther demonstration. 

To construct the curve of separation on Jf, let it be supposed 
found, and let a second point z' be taken infinitely nigh to z ; then 
from the nature of this curve, and the positions of x and x\ it will 
be indifferent whether x is carried to z, and x' to z' ; or x' to z, 
and xto z'] therefore, there will obtain, xz+x'z'^xz'+x'z ; or zz 
— xz^xz' — x'z' ; but, if from x' two perpendiculars be demitted 
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on «z, and xx^^ respectiTely, the distance* xp, and xff will, evidently, 
be eqoal to the two diSerences just fbond, conseqaently, the element 
of the curre xxf biaects the angle zzx^. If then the angle zxz^ be 
bisected, and a small element xx^^ be taken on the bisecting line, it 
will be an element of the curre sought; then from x* drawing two 
other secants zV, and x^z"', to cut off equal areas on JIf and Jf, 
the next element x^x" can be found by bisecting the angle s^'x!a^", 
and so on. A rery few points, approximately determined, will be 
sufficient for all practical purposes. 

Thus ftr, the space between the two areas Jf and Jf, has been 
considered perfectly free, so that the elementary areas could be trans- 
ported by the most direct line to their positions on Jf ; but this is 
not often the case, and the mass will, on the contrary, be frequently 
obliged to pass wholly through one, or more points, determined 
either by some accident, as a bridge across a brook separating the 
areas, &c. Let there be, fer example, the area JIf, (Fig. JK) to be 
removed to Jf , subjected to pass through the point D. By divi- 
ding Jf into a great number of elementary areas, by lines drawn 
from P, the limiting lines of these elements may be considered, 
without any very sensible error, as parallel ; and the cost of re- 
moval of each element m to D, will be represented by the product 
of m and the distance of its centre of gravity from D, or by sir; 
in the same manner the cost of removal of m' will be siV, &c. ; by 
adding together these different products, there will result, for the 
sum or frdM a quantity represented by MR, in which R is the 
average, or me^n distance of r, r*, r", &c., from D. By a similar 
process, there will be obtained, for the cost of removal of Jf, from 
D upon M\ a quantity JfR', in which R is the mean distance of 
the centres of gravity of the elementary areas of Jf ' from D. 
Consequently, the total cost of removal from M to Jf ', will be re- 
presented hy M{R + R'). 

If the point D could be arbitrarily taken, then its position should 
be so fixed, that the distance R + R' should be the least possible. 
To find this minimum, would lead to a problem of a very compli- 
cated character. The shortest method, in practice, would be to 
assume several positions for D, and ascertain the best, by a series 
of trials. If two points D, and D', (Fig. L) were given, there 
would necessarily be found on the area Jf, a line xif such, that the 



SUPPLEMENT. 249 

unless it can furnish, not only what is wanted to supply the defi- 
ciency of iV, but also, to furnish enough for M'\ for otherwise, it 
would be necessary in forming M" to take the earth for it from N'\ 
either before, or after the excavation of iV", if this is done before 
the earth from N"\ for M would have to pass over, that deposited 
at Jtf", which would cause the particles to ascend from one level to 
descend again to it ; or if it is done after, the earth form N"\ for 31'", 
would have to descend from a level to ascend to it again ; in both 
of which cases an increase of expense for vertical carriage will 
be incurred. The deficiency of M' must, therefore, be first sup- 
plied from iV", by a suitable line of separation, drawn in its section, 
before either of the excavations N\ or N" are commenced. From 
this it also follows, that if an embankment is to be furnished by 
several excavations lying on the same side of it, the removal must 
be commenced from the one farthest from the embankment. 

As to the calculation of the cost in these last cases, it will be 
done as has been already explained, by calculating, in the first 
place, the horizontal and vertical paths, and multiplying their 
sum by the cost of a cubic foot removed to one relay's dis- 
tance. 

The above discussion comprehends the most general cases for 
this subject; but it remains quite incomplete, since many interest- 
ing particular cases of a complicated character still remain to 
be considered; besides the disposition of the inclined and hori- 
zontal pathf, and that of the relays of laborers to carry forward 
the work with the most convenience and despatch. Enough, 
however, has been said to call attention to the works of M. M. 
Monge and Dupin, where it will be found more fully treated, 
and from what is here laid down, some useful hints may be drawn 
by those who are called upon to apply the general rules to 
particular cases. 
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NOTE IV. 
JUirlJbcb of deteriUng Owal cr BoAH-kandle Omvei eompoied tj 

The span and rite of the intr^doe of an arch being given, 
in which the latter is some fractional part less than one-half of the 
former, an infinite number of curvet, formed of arcs of circles, can 
be made to pass through the points of the springing lines, and the 
crown of the intradot, so as to satisfy the conditions of liaving theii 
common tangent at the crown horizontal, and those at the springing 
linet vertical To give the problem therefore a determinate cha- 
racter, tome t)ther conditions must be imposed, in addition to those 
just mentioned. 

When the rise is not less than one-third of the span, a curve, 
composed of three circular arcs, or, as it is termed, an atml of three 
€enir€s^ is found to give a very suitable water-way, and, at the 
same time, a form which is pleasing the eye. This curve may be 
traced in various ways. The two following methpds are in most 
frequent use : 

Let AB be the half span, (Fig. W,) and ^C the rise ; with the 
radius AB describe the quadrant Ba, — take the arc Bb » 60^,-— 
draw abt hB, and Ab, — draw Cc parallel to ab, and from c, the in- 
tersection otCe and Bb, draw cO parallel to Ab ; — ^the points P and 
O will be the required centres, and PB and OC the required radii. 
The angle subtended by each of the three arcs will be 60^, which 
it the other condition imposed by the construction. 

Another method is as follows : Join D and C, (Fig. W,) make 
Cd s— Ca equal to the difference between the-half span and rise,— 
bisect the distance Ddhy 2i perpendicular, and the points R and S, 
where it intersects the span and rise produced, will be required 
centres. This construction results from the imposed condition that 

, , R 

the ratio — of the least and greatest radii, shall be the least possi- 

ble ; or from the principle of maxima and minima, that — - — = 0. 

dr 

The analysis, from which the result is obtained, is of a very 

simple character; for designating by jK = iSC the greater radius; 



fVPPLEMBNT; 351 

by r = RD the lesser, — by a = AD the half span, and by J =r AC 
ihe rise, there results, from the right angle triangle SAR^ 

or 

from which is obtained 

R _ a^ -j-5a_2(tr 
r "" (2/^ — 2r)r'' 
Now by difierentlatlng this expression, and placing its difierentiid 

co-efficient equal to zero, or making — ;; — = 0, there results, after 

dr 

the terms are reduced. 



_ g« +58— (a — 5)Vag ^h-^ _ y/a'^ -f hi Va«+ *«— (a— J)v 
r = ^ ^ j^ 



%i a 



but Va^ + *« = DC, and Va^ + 5^ — (a — i) = Di, hence the 
given construction for the centres required. 

By comparing the two methods just explained, for the same span 
and rise, it will be seen that the former gives a curve in which the 
lengths of the arcs differ less than in the latter, and which is there- 
fore more agreeable to the eye. 

When the rise is less than one-third, and greater than one-fourtk 
of the span^ a three centre oval does not give a curve of an agree- 
able form, and five, or a greater number of centres, should there- 
fore be taken, as circumstances may seem to demand. The ob- 
jects to keep in view, being to form a continuous curve without ab- 
rupt transitions, so as to please the eye ; to obtain the most simple 
arrangement for the voussoirs, and, if necessary, the greatest prac- 
ticable water-way. As these are not all compatible conditions, cir- 
cumstances must decide which to reject. The most pleasing form 
of curve will result from the greatest number of centres ; but the 
simplest arrangement of the voussoirs, and the largest water-way, 
will result from the smallest number of centres. The water-way 
may, moreover, be increased by making the smallest radius as great 
as practicable, but not to exceed the rise, and making the arc which 
belongs to this radius also as great as practicable, keeping it, how- 
ever, within a limit which will make the largest radius, or thai of 
the crown, not longer than once and a half the span. 
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To giv« the problem, with the abore conditiona, a detenninate cha- 
racter, other conditiona may be imposed, aa that the vca ahall receiye 
the aame decreasing ratio of curvature from the one at the springing 
line to that of the crown, in which case their radii will have the 
aame increasing geometrical ratio,— -and that the arcs shall be of 
equal length, in order to produce an agreeable effect ; or, if this 
cannot be done without making the radius of the crown too great, 
then the arcs may be made unequal, but increasing by a constant 
ratio from the springing line to the crown, which ratio may be as 
nearly that of equality as may be desired. 

The above conditions may be expressed analytically for any num- 
ber of centres; but it has been deemed best in this place to give a 
solution of the problem for a particular case, which will show the 
course to be pursued in all others. 

Let it be required to ascertain the relations of the span,- rise, the 
radii, and the number of degrees in each arc, in an oval of five 
centres, where the arcs receive the same decreasing ratio of cur- 
vature from the springing line to the crown, and a given increasing 
ratio in length. Designate the half span ABhyp^ (Fig. X,) the 
rise by j, — the ratio of the radii by «, — the ratio of the arcs by n, 
and the number of degrees in the arc at the springing line by a. 
Suppose the centres O, P and Q found, and draw PS perpendicular 
to AB, — hndPR perpendicular to 5C produced. 

The radii OA, PE and QD will be represented respectively by 
r, rm, and rw', — and the angles AOEt jBPJ>, and DQC, between 
them by 

n , n' 

a, a — , and a— = : — 

m mr^ 

now, from the properties of the figure, the following equations are 

obtained 

AB=^p=^r+OS + PR, (B) 

BC = q=:^irm^^(P8+QR% ....(C) 
From the right angle triangle OPS, and PQR, there results, 
OS = OP cos. a = {rm — r) cos. a ; 
PS = OP sin. a = {rm — r) sin. a ; 

PR = PQ cos.(a + a—) = (i-m^ — rm) cos. (a + a—). 
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OR — PQ sin. (a + a — ) = (rm^ — itn) sin. (a + a — ) 
by substituting these values in equations (B) and (C), there results, 
|7 = r Jl + {m — 1) cou. a -\- {m^ — »i)cos.( ) a]] (E) 

q z=: r [m^ — {m — l)sin.a — (m^ — 7»)sin. ( )g?; (F) 

and by reduction, equation (A) becomes, 

"= ^^.-.i »Q°' («) 

The equations (£), {F) and (G) express, therefore, the relations 
which subsist between the six quantities^, g, r, a, m and ti when the 
imposed conditions are satisfied. Let three of these quantities as m, 
n and r be assumed, the others will be found from the three equa- 
tions in question ; that is the span, rise, and number of degrees in 
the arc at the springing line, which correspond to the given 
values. 

From the solution here given, the ratio of p to q, or — is found ; 

but as the rise and span are usually a part of the data, this ratio -^ 

may be different from that —of the given half span b, and rise c] 

c 

in which case, it will be necessary to assume new values for 

the quantities m, n, and r and find the corresponding values of 

f) h 

p, q and a, until the ratio— is equal to, or nearly the same as — 

q c» 

When a suitable approximation has been obtained, it will be easy 

to find a curve which shall differ but little from the required one, 

and whose half span and rise shall have the required ratio — . 

To effect this, let x be the quantity which must be added to p and 
q, respectively, to make their ratio the same as that of 6 to c ; this 
condition will be expressed by the equation, 

b ^p-\-x 

c q + x^ 
from which there results 

"?E-?i (H) 
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if now this quantity be vet off from ^ to Jf, (Fig. X) and from C, 
to Nt and a new cutre ANhe deaeribed from the aame centrea 0, 
jpand Q, it will be parallel to the cnrre AC, whoae half apan and 
liae are p and q, and the half span BM, and riae BN, will have 
the aame ratio aa & to c. To pass from this carve to a aimilar one, 
described on the given half span b, and rise e, it will be only neces- 
sary to multiply each line of the figare QPOMN by the ratio. 

b 

or, substituting for x its Valiie, &s detehnined in equation (H), by 

b—€ 

aince the fignrea being aimilar^ their hoikiologOQa libai are propor- 
tional, or, for example, 

b 
p + xibi\ OM.—r- OM; 

which will give the line, corresponding to OM^ in the figure of 
which d is the half span, and c the rise. 

The method here explained may be applied to any number of 
centres, but where the rise is not less than one-fourth of the span, 
an oval of five centres will be found to answer fully all the re- 
quired conditions. 

There are other methods of describing the oval of five, or, a 
greater number of centres, which are rather more simple for cir- 
culation than the general method just given. 

By assuming, for example, the greatest and smallest radii within 
suitable limits, the intermediate radius may receive the condi- 
tion, of being a mean proportional between these two; or designa- 
ting it by ar, there will result x=y/Rxr ; — R being the greatest 
radius, and r the least. Having found x, the position of the inter- 
mediate centre P is found, by describing an arc from Q with a 
radius R — a;, and another from O with a radius x — r, and taking 
their point of intersection P. 

A similar process might be followed for an oral of sev^n centres, 
by finding the two intermediate terms of a geometrical progression, 
of which r and R are the two extremes. 

To apply this Note to the objects of (Note I.), it will be simply 
necessary to find the angle of deflection between the chords of the 
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difierent arcs at their points of contact ; — for example, the angle 
of deflection hcCt hetween the chord Be (Fig. W) produced, and 
the chord cO. By drawing the common tangent to the two arcs, 
at the point c, a very simple calculation will show, that the angle 
beC is the sum of the angles of deflection of the two chords Be, 
and cCf and the common tangent at the point c ; and as these two 
last angles can be readily calculated, by the formula in (Note I.), 
the required angle can be obtained. With regard to the inter- 
mediate points, they will be found by the methods explained in 
(Note I.) 



NOTE V. 
Theory of the Equilibrium of Arches. 

The mathematical conditions of the equilibrium of arches early 
attracted the attention of mathematicians, and various solutions of 
the problem were g^ven, but as they all reposed on hypotheses, 
which were not in accordance with the results of observation, but 
little progress was made in the theory, and that little rather of a 
speculative than of a practical character. The subject remained 
in this state until Coulomb, guided by the observation of the effects 
which actually are seen to take place in the construction of an 
arch, placed it under a new and more accurate point of view. It 
is upon the suggestion of this able savan, whose hints ever have 
been pregnant with important results to the cause of physico-ma- 
thematlcal science, that later writers have built up a theory, and 
arrived at results, which are more nearly in accordance with the 
true state of the question, as derived from observation and expe- 
riments. 

The method of treating the question, as proposed by Coulomb, 
may be briefly stated as follows : He takes any semi-arch, as AM 
NB, (Fig. Y) which he supposes to be kept in equilibrium by the 
action of a force Q, applied horizontally at some point of the joint 
Mt and he proposes to find the limits of this force by which the arch 
will be prevented from yielding, either by sliding along any one of 
its joints as ifin, for example, in the direction mn, or that nm, or by 
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unless it can furnish, not only what is wanted to supply the defi- 
ciency of JV, but also, to furnish enough for M", for otherwise, it 
would' be necessary in forming M" to take the earth for it from N'\ 
either before, or after the excavation of iV", if this is done before 
the earth from iV", for M would have to pass over that deposited 
«t M"t which would cause the particles to ascend from one level to 
descend again to it ; or if it is done after, the earth form N"', for iVI'", 
would have to descend from a level to ascend to it again ; in both 
of which cases an increase of expense for vertical carriage will 
be incurred. The deficiency of M' must, therefore, be first sup- 
plied from iV'", by a suitable line of separation, drawn in its section, 
before either of the excavations iV', or N" are commenced. From 
this it also follows, that if an embankment is to be furnished by 
several excavations lying on the same side of it, the removal must 
be commenced from the one farthest from the embankment. 

As to the calculation of the cost in these last cases, it will be 
done as has been already explained, by calculating, in the first 
place, the horizontal and vertical paths, and multiplying their 
sum by the cost of a cubic foot .removed to one relay's dis- 
tance. 

The above discussion comprehends the most general cases for 
this subject; but it remains quite incomplete, since many interest- 
ing particular cases of a complicated character still remain to 
be considered; besides the disposition of the inclined and hori- 
zontal paths, and that of the relays of laborers to carry forward 
the work with the -most convenience and despatch. Enough, 
however, has been said to call attention to the works of M. M. 
Monge and Dupin, where it will be found more fully treated, 
and horn what is here laid down, seme useful hints may be drawn 
by those who are called upon to apply the general rules to 
particular cases. 
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^:e lesser, — by a = AB the half span, and by J ss AC 
•^«e, t*. . ■ I -suits, from the right angle triangle SAR^ 

SR' = AS'' +AR*. 

{R-ry={R^br +{a-r)\ 
'^m wiiich is obtained 

R _ a^ +b^—2ar 
r "" (25 — 2r)7"' 
Sc-w by differentiating this expression, and placing its difierential 

co-efficient equal to zero, or making — - — = 0, there results, aftei 

aT 

the terms are reduced. 



r = 



_ a''+b^—{a — b)Va^ +b^ __ Va' + b^ Va* + b^—{c^\ 

' V 5 h 



2a a 



but Va« + ^« = DC, and Va^ J^b^—(a — b)^ Dd, hence the 
given construction for the centres required. 

By comparing the two methods just explained, for the same span 
and rise, it will bie seen that the former gives a curve in which the 
lengths of the arcs differ less than in the latter, and which is there- 
fore more agreeable to the eye. 

When the rise is less than one-third, and greater than one-fourth 
of the span, a three centre oval doeis not*give a curve of an agree- 
able form, and five, or a greater number of centres, should there- 
fore be taken, as circumstances may seem to demand. The ob- 
jects to keep in view, being to form a continuous curve without ab- 
rupt transitions, so as to please the eye ; to obtain the most simple 
arrangement for the voussoirs, and, if necessary, the greatest prac- 
ticable water-way. As these are not all compatible conditions, cir- 
cumstances must, decide which to reject. The most pleasing form 
of curve will i^esult from the greatest number of centres ; but the 
simplest arrangement of the voussoirs, and the largest water-way, 
will resuh frojn the smallest number of centres. The water-way 
may, moreover, be in(Sreasedby making the smallest radius as great 
as practicable, but not to exceed the rise, and making the arc which 
belongs to this radius also as great as practicable, keeping it, how- 
ever, within a limit which will make the largest radius, or that of 
the crown, not longer than once and a half the span. 
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QR -PQ sin. (<* + «—) = (rwj^ — rm) sin. (a + a — ) 
by substituting these values in equations (B) and (C), there results, 
p ^r^\ + {m — l)cos. a + (?»8 — ^) cos,( ^ ^ ) a}; (E) 

^ = r {w' — (m — l)sin. <» — {m^ — m) sin. ( ^ ^ ^a\\ (F) 

7/1' 

and by reduction, equation (A) hecomes, 

a=^ { — 90O; (G 

The equations (£), (F) and {G) express, therefore, the relations 
which subsist between the six quantities^, q, r, a, m and n when the 
imposed conditions are satisjSed. Let three of these quantities as m^ 
n and r be assumed, the others will be found from the three equa- 
tions in question ; that is the span, rise, and number of degrees in 
the arc at the springing line, which correspond to the give;^ 
values. 

From the solution here given, the ratio of p to q, or — is found ; 

but as the rise and span are usually a part of the data, this ratio -^ 

may be different from that —of the given half span ft, and rise c ; 

c 

in which case, it will be necessary to assume new values for 

the quantities mfti, and r and find the corresponding values of 

«, q and a, until the ratio — is equal to, or nearly the same as — 

q c. 

When a suitable approximation has been obtained, it will be easy 

to find a curve which shall differ but little from the required one, 

and whose half span and rise shall have the required ratio — . 

To effect this, let z be the quantity which must be added to p and 
qt respectively, to make their ratio the same as that of ft to <; ; this 
condition will be expressed by the equation, 

ft p -\'X 

c - q-\^x* 
from which there results 

-?E?i • • • («) 
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difierent arcs at their points of contact; — for example, the angle 
of deflection bcC^ between the chord Be (Fig. W) produced, and 
the chord cC. By drawing the common- tangent to the two arcs, 
at the point c, a very simple calculation will show, that the angle 
bcC is the sum of the angles of deflection of the two chords J5c, 
and cCf and the common tangent at the point e ; and as these two 
last angles can be readily calculated, by the formula in (Note I.), 
the required angle can jje obtained. With regard to the inter- 
mediate points, they will be found by the methods explained in 
(Note I.) 



NOTE V. 

Theory of the Equilibrium of Arches. 

The mathematical conditions of the equilibrium of arches early 
attracted the attention of mathematicians, and various solutions of 
the problem were given, but as they all reposed on: hypotheses, 
which were not in accordance with the results of observation,' but 
little progress was made in the theory, and that little rather of a 
speculative than of a practical character. The subject remained 
in this state until Coulomb, guided by the observation of the effects 
which actually are seen to take place in the construction of an 
arch, placed it under a new and more accurate point of view. It 
is upon the suggestion of this able savan, whose hints ever have 
been pregnant with important results to the cause of physico-ma- 
thematical science, that later writers have built up a theory, and 
arrived at results, which are more nearly in accordance with the 
true state of the question, as derived from observation and expe- 
riments. 

The method of treating the question, as proposed by Coulomb, 
may be briefly stated as follows : He takes any semi-arch, as AM 
NBf (Fig. Y) which he supposes to be kept in equilibrium by the 
action of a force Q, applied horizontally at some point of the joint 
W, and he proposes to find the limits of this force by which the arch 
will be prevented from yielding, either by sliding along any one of 
its joints as mn, for example, in the direction mn^ or that nm, or by 
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a motion of rotalion inwardi, aronnd the point flkof the jobt, 
or outwards around the point n. Haying obtained the expnt- 
•ion for the force Q> he finds the maximqin ralueof it, which will 
prevent the arch from sliding in the direction nm^ and the mini- 
mum value which will cause S to slide in the direction »%, 
and states it as evid^t, that the limit of Q, or the&rce which will 
be just sufficient to maintain the equilibrium, must be greater than 
the maximum* and less than the minimum values thus obtained. 
He next examines the conditions of equilibrium with regard to 
rotation around the points m and n, and finds, in a similar manner, 
the maximum value of Q, which will prevent the arch firom yield- 
ing at any joint, by rotation around the point m, and the minimum 
value that will cause it to pold by rotation around », and shows, 
what is evident, that to maintain the equilibrium, the &rce must be 
greater tlian this maximum, and less than the minimuyn. By this 
process, two superior, and two inferior limits are obtained for the 
force Q, between which it must be finind, in order that the arch 
shall neither yield by sliding, noi^ hy rotation at any joint 

The question, thus presented, admits of a natural division into 
two parts; lat, the mathematical development of the theory, and 
the consequences resulting from it ; 3d, the application of the theory 
to the determination of the eqilibrium of given arches. 

Let there be an arch ABMN, (Fig. Z,) the lower extremity 
AB of which rests against an immovable plane, whilst the voussoirs 
above AB are retained in a state of equilibrium by a horizontal 
force Q, applied at any point of the joint MN ; it* is required, in 
the first place, to ascertain the limits of the force Q, such that the 
portion of the arch above any joint, as ran, shall be prevented 
from separating, from the part below the joint, by sliding in either 
of the directions nm or mn.^ 

Designate by TFthe weight of the portion mMNn, above the 
joint mn ; and suppose a force equal to W to act vertically, in a 
line passing through the centre of gravity of mMNn. Let 6 re- 
present the angle which the joint mn, makes with the vertical line 
ONf and designate by z the length of the joint,^ — ^by c the cohesion 
on the unit of length along the joint, — and by / the coefiScient of 
friction, which is supposed proportional to the pressure. 

The force Q, which may be represented by ac, taken on its line 
of direction, can be decomposed into two others, one bc=Q sin. 6, 
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parallel to the direetion of the joint ; and the other ab=Q cos. 
perpendicnlar to it By a similar decomposition of the force IF, 
represented hy dfi taken on its line of direction, there ^vill he oh- 
tained efi=Wcos. 6^ for the forpe parallel to mn, and e£f=Wsin. 
for the perpendicular component. 

The forces which tend, therefore, to prevent the sliding on the 
direction mn, are Q sin. 6 and the friction and cohesion on the joint 
mn ; the friction heing proportional to the perpendicnlar pressure 
on the joint will he represented by 

/(Qcos.^+Trsin.^), 
fltid the cohesion, heing proportional to the length of the joint, will 
be represented by 

cz,. 
bat the force whicH tends to produce the motion in question is 

TTcos. e, 

Now in order that a state of strict equilibrium may ensue, this 
last force must be equal to the sum of the other three, or 

Q sin. ^= TTcos. 6 _/(Q cos. 6 + Wsin. 6) —cz ; . (1) 
but as the force Q, in this expression, varies with the angle ^, its 
limit will be found from that value of 6 which gives a maximum ; 
as it is clear that any value of Q less than this, if applied at the 
joint MN^ would not counteract the tendency of the arch to give 
way by sliding. 

As any value of Q, greater than this maximum, will prevent 
the downward tendency to sliding, such a value, applied at 3fiV, 
will maintain the equilibrium; but by increasing this value, it 
might become, at length, so great as to cause the arch to 3rield, by 
sliding upwards, in the direction mn. Now since this motion 
would be caused by, 

Q sin. 0, 
and would be counteracted by the force 

TTcos. d, 
by the friction 

- f(Qcos.e+W9ixi.O), 
and by the cohesion 

it is necessary in order that a state of strict equilibrium shall ensue, 
that the first most be equal to the sum of the three last, orj 
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Qmn.6^Wcm.e+f[q€im.e+Wmn.0j + ez,. . (2) 
b thif eaia tbe ferce wmm as 0, and its liaiit will be fi»imd firom 
thai Taloa of which makes it a mininmm ; fiur it is evident, tint 
wen a finee greater than thiay applied at MN^ it would cams an 
npward sliding along mn, and the arch would yield, from the 
upward portion being pushed upwards by the action of force Q 
greater than the minimunL 

The two limits of the force Q are thus clearly defiaad ; and, i 
is erident; that if any force less than the mnximnm be applied to 
MNt that rupture will ensue, by a downward sliding; and if it be 
greater than the mimnmm, by an upward sliding, and, therefore, the 
force that will maintain the arch in a state of stable equilibriuiD, 
must lie between these two limits. In establishing the conditions 
of equilibrium, in the circumstances just treated, it is immaterial at 
what point along MN (Fig. AA) the force Q is applied \ but, in the 
case of rupture by the portion above any joint mn tuning around 
either point is, or i^ the value of Q will vary viith the position of 
the -point of application along MN, In the cases about to be dis- 
cussed, the point of application will be taken at JV for the case in 
which the rupture ensues from the portion mMNt^ turning invnuds^ 
around the point m, as it is the one most un&vorable to the motion 
taking place ; whereas it will be taken at Mtor the same reason, 
when rupture ensues from the upper portion turning outwards 
around the point n. 

Designate, as before, the horizontal force, applied at N, or M, 
by Q ; and the weight of the portion mMNn, which acts in a vei- 
tieal through its centre of gravity, by W, Let x represent the 
length of the perpendicular drawn from the point mto the vertical 
along which W acts, and y the perpendicular from the same point 
to the line of direction of the force Q, applied at N. Represent 
by a the cohesion on a unit of length, of the joint mn, and by ;rthe 
length of the joint. 

When the arch tends to yield, by turning inwards around the 
point m, this tendency will be measured by the moment of the force 
W taken with respect to this point, or by 

Wx; 
this tendency will be counteracted, in the first place, by the moment 
of the force Q, taken witl> respect to the same point, or by 
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and by the moment of the force of cohesion along mw, taken with 
regard to the same point To ascertain the yalae of this last moment, 
it will be necessary to adopt some hypothesis with respect to the ac* 
tion of the resistance offered by the force of cohesion to the particular 
kind of rupture in question. Nothing perfectly satisfactory is known 
with regard to the Ihw of rariation of this force ; but it seems na- 
tural to suppose, that it varies for each point as the distance of the 
point from m. If then an element dv of the joint mn, whose dis- 
tance from m is V, be taken, the resistance of this element will be 
represented by 

— a dv, 
z 

and its moment with respect to the point m by 

— a at? X i?» 
z 

the integral therefore of this expression, or the sum of the moments 

of the elementary resistances, which is represented by 

will give the total moment required ; that is 

-— I v^ dv=i^az*, 

by taking the integral between the limits v=^o and v^=z. 

The equation of strict equilibrium will therefore be expressed 
by 

Qy^fVx — iaz^ ....... (3). 

But as X and y vary with 0, or the inclination of the joint mn, 
Q will also vary with the skme quantities, and that value of the 
force, which will maintain the equilibrium will evidently be the 
maximum value of Q. Reasoning, as in the case of rupture from 
sliding, it will appear that no value of Q less than this will satisfy 
the required conditions; but by increasing Q it may, at length, be- 
come so great as to push the upper portion outwards by turning 
around the point n, and, as in this case, it would have to overcome 
both the moment of W, and the moment of cohesion, with respect 
to that point, the equation of equilibrium would be expressed by 

Qy'^^Wx' + ^az^ (4), 

y' and x' representing the respective perpendiculars from n to the 
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lioM of dmetionsof the forcei. Now the maiimnm Tmlue of Qi 
which u faniiehed by equation (4), is the greatest &rce which can 
be applied at N, without the circumatancea of rupture, hare consi- 
dered, taldng place; andaathemazimum>alnefuniiiBhe^by^uation 
(8), ia the leaat that will keep the upper part of the arch from tam- 
ing inwarda, it followa that a stable equilibrium can be maintained 
only by a &rce whose value lies between the two juat found. 

If the point of application of the force<be taken at Jf, a similar 
system of equations will be found to ezprees the conditions of equi- 
librium ; and a similar course of reasoning will be followed to de- 
fine the superior and inferior limits of the force Q. 

Before proceeding to notice the inferences drawn from the deve- 
lopments just given, it will be well to examine the nature and va- 
lue of the pressure on the surfiice of the joints arising from the 
forces Q and W. This value is inmiediately derived from the first 
part of this discussion; for the components 6f Q and W, perpen- 
dicular to any joint mm, were there found to be Q cos. 0, and IV^sin. 6, 
and their sum wiU be the total amount of pressure, or d^gnating 
itbyP, 

P=^Q(SoB.e+WBin.O ...... (R). 

For the horizontal joint AB, 6 = 90°, and the pressure becomes 

P=W] 
and for the Vertical joint MN, 6—0, gives 

P=Q. 

To return to the equations (1), (2), (3) and (4), it will be found, 
by neglecting the values -for friction and cohesion, that equations 
(1) and (9) are reduced to one and the same expression, which is 

Qsin. <9=PFcos.^, 
or 

W 

^•^=-Q- (6); 

a relation which shows that the direction of the resultant of the 
two forces Q and PFmust be perpendicular to the joint nm in order 
that sliding shall not take place under the circumstances here con- 
sidered. 

The equations (3) and (4), the first of which is derived from the 
condition that Q is applied at the point N, and the second or (4) at 
the point JW, are reduced, by neglecting friction and cohesion, to 
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Qy= TFa:, and Qy'= TTa;' . . , (6); 
or Qy— Wx=0 an d Qy — Wz' = ; 

which express the conditions that the resuhant must pass through 
the points f» or nin the case of a strict equilibrium, or in the case 
of a stable equilibrium, which is expressed by 

Qy > Wx, and — Q/ < Wz\ 
that the resultant must pass between the points m and n. 

Having derived these consequences, let it be proposed to find the 
conditions of a strict equilibrium in the case of a plate-bander or 
flat arch. 

Let AMNB, (Fig. BB,) be the half of a plate-bande, of which 
the half span AM= a, and the thickness MN= b, are given. Let 
ff designate the angle which the extreme joint AB makes with the 
vertical ON] arifl d the angle of any joint as mn, — let x represent 
the distance mM, — finally, let «; designate the weight of an unit of 
volume of the plate-bande. 

The area of the trapezoid mMNn is equal to the areas of the 
rectangle 3fc, and the triangle mcn^ or equal to 

bx + ^b'' tan. ^; 
and the weight of the portion of the plate-bande mMNn^ corres- 
ponding to a unity of length, will be 

i^(&r+iJMan. 0)^ W\ 
by substituting, therefore, this value of W in equation (5), there 
results 

^ wibx + Ib^ isxi. e) 

from which, by reduction, there is obtained 

- ^hx 
tana=-— - — —— . 
2q—b^w 

By tl^e same process, there will be obtained 

., ^abw 

tan. d' = ^r-^ r-— , 

Zq—b'^w 
by dividing, therefore, the first of these expressions by the second, 
there results 

tan. 6 x _ mM ^ 

tan.^ a"""ZM ' 
an expression which shows that the two joints AB dJiA mn prolonged, 
must pass through the same point O of the vertical ; and as the joint 
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mm is taken at will, tbe condition of eqaiiibrimDt ezpreaMd by equa- 
tion (5), will be aatiafied, when all the joints of the plate-bande pan 
throQgh the point O. 
Fronfthe expression for tan. 6 there resalta, by redoctiottt 

Q^-^ 2Um.ff i ^ 
so that Q, or the horisontal thrast, is easily found when the anglo 
^ of the first joint is known. 

To ascertain the limit of this angle, the condition expressed in 
equation (6) must be exan^ned. These equations exprelM that the 
moment of the force Q, applied either at iVor K^ must be equal to 
the moment of the trapeioid jiBiW, taken with reqNict to the same 
points. But, as the moment of the tiapeaoid is equal to die sum 
of the moments of the rectangle MC^ and the triangb ABC; when 
referred to the point B, and to the diflference of their inoments when 
referred to the point A, it will be expressed in tlie latter case by 

«0a» X i» — ^6> tan. ^ Xift tan-tf*. 
or, 

and in the former by 

wab{ib + ft tan.^) + ^ft2 tan. ^ Xf*tan. 6^, 
or 

iwab{b + 2b tan. &) + ^b^ tan. ^^ ; 
and the equations of condition (6) will become, by substituting 
these values, and placing them equal to the moment of the force 

ft 

Qb'^iwab* —iwb* tan.« (^ ; 
and 

— Qft = iwab (&+2ft tan. &) + ^wb^ tan.« ff. 

The last of these equations, which expresses the conditioii of 
strict equilibrium, becomes 

— Qb<iwab{b+2btaik.e')+iwb* tan.« (J*, 

for a state of stable equilibrium ; and as the condition will be sa- 
tisfied by any positive value of Q, it follows, that it will be im- 
possible for the plate-bande to turn outwards around the point JB, 
by the application of any force Q at Jtf*. 

With regard to the first of these expressions, the value of the 
angle 0\ which will satisfy the required conditions, can be deduced 
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from it by tubstitating for Q, its value already found in terms of 6', 
This substitution being made, there results 

tan.»^'— 3(|^ — l)tan.^' + y = 0; " 

an equation firom which 0' may be determined. 

The limit of 0', found from this equation, may be determined by 
the following construction which results from the conditions ex- 
pressed in the preceding equations. Through the centre of gravi- 
ty o of the trapezoid AMNB, let a vertical be drawn to intersect 
the direction of the force Q, applied at N, at the point d. Let the 
force Q be compounded with the weight Woi the trapezoid ; from 
the preceding conditions their resultant must be normal to the joint 
AB^ and must not pass below the point A, If then this resultant 
be drawn, and through the point A where it intersects the lower 
line of the plate-bande, a line jlO be drawn perpendicular to it, 
the construction will give the limit of the angle 6', which the first 
joint ^jBmust make with the vertical. 

Before proceeding to the second part of this question, or the ap. 
plication of the theory to determining the dimensions of the parts 
of an archof a gifen form, it will be well to notice the experiments 
which have been made to determine the manner in which rupture 
usually takes place in arches ; and the position of what are termed 
the J4nnts of rupture, or the joints where the arch most usually 
separates. 

The fi)llowing general results on this point were obtained partly 
by special experiments, and partly from observations made on the 
changes which were found to take place in the arches of large 
bridgesL From the experiments, it was observed, that any motion 
which took place in the diflferent parts, of the arch, arose, invaria- 
bly, from a tendency to rotation around either the upper or lower 
edges of the joints, according to the value of the pressure ; — that 
the aich, when rupture ensued, usually separated into four parts, 
preseating a joint of rupture at the key-stone, one between it and 
the joints, at, ox near the springing lines ; and one at or near 
the springing lines ; the two upper portions of the arch falling 
inwards, by turning around the exterior edge of the joint at 
the key-stone, and the interior edges of the next two lower 
joints of rupture, whilst the lower portions ' were thrust out- 
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wards, turning aTound the exterior edges of the joints of raptnte 
near the springing lines; — the joints of mptore bebw the 
key-stone, in full centre arches, were foand by the experiments to 
be near the joint whose angle with the horixon was abont 30^; 
and in the oval of three centres, of which the rise was between 
one-third and one-fourth of the span, the joint of rupture was osa- 
ally obsenred to show itself between the 45^ and 66^ of the small 
ares, estimating from the springing line ; in segment arches, whea 
the segment did not exceed 12^, the joint of rupture was found at 
the springing line. ^ 

The obsermtions made on large bridges accorded nearly with 
the results of the experiments. 

In treating the second part of the question, the following data 
are assumed, and the conditions of equilibrium ■ are determined 
from them, viz : — The span and rise, — the curve oi theintradin, — 
the height of the abutments or piers, — the distribution of the weights 
to be sustained by the arch,^ — finally, the thickness at the arch at 
the key-stone, this thickness being, generally, regulated by existhig 
arches which most nearly approach the one in question. All the 
▼oussoirs receive the sune thickness, or else their thickness is gra- 
dually increased from the key-stone to the springing Bne. 

Having in this manner regulated the principle dimensions, the 
next point is to examine whether the arch thus projected will pos- 
sess the necessary stability. To ascertain this, recourse must be 
had to the equations (1), (2), (3) and (4), which establish the rela- 
tions that must exist between the forces which tend to cause 
rupture, and those which tend to prevent it. 

The equation (1), when reduced, may be placed under this form, 

W(coM. 6- f sin. 0)-cz 
^ Bin, 6 +f COB. 6 • • Wh 

from which Q may be found; but as its value varies with the 
angle 0, a separate calculation must be made for each joint, and that 
one must be taken for the effective pressure at the key-stone which 
is the greatest. This greatest value, which is in fact the pressure 
sustained at the joint of the key-stone, arising from the weight of 
the two semi-arches, is termed the horizontal thrust of the arch ; 
and it is the least force, which applied at any point of the joint 
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MN9 will pter6ni the upper portion of the arch from sliding inwards 
along any joint as nm. 

The equation (2), by similar reduction, gives 

W(co8,d+fam,e)+cz , 

sin. 6 — /cos.O ' * ^ '' 

in which the value of Q represents the force which applied at the 
key-stone would cause the upper portion of the arch to slide ou^ 
wards along mn. . Having, in a similar manner, calculated each 
value of Q for all the joints, its least value must be less than the 
horizontal thrust ; otherwise the arch will be thrust outwards by 
sliding along mn. Or, in other words, the equilibrium requires 
that the minimum of equation (8), must be less than the maximum 
of equation (7). 

From the form usually given to arches, the joint of rupture, 
which results from the maximum of equation (7), will be found 
/Fig. CO) between the key-stone and the springing line at some 
point as m ; whilst the joint of rupture, for the minimum of equa- 
tion (8) will be found at the springing line, in which case the ten- 
dency of the arch to give way will arise from the upper portions 
sliding inwards along »m, thrusting the lower portions outwards 
along the springing line. 

If, however, it were found that the joint, which corresponds to 
the maximum of equation (7), is at the springing line, whilst that 
corresponding to the minimum of equation (8), lies between the 
key-stone and the springing line, then the tendency to rupture would 
arise from the lower portions sliding inwards (Fig. DD) along the 
joint of rupture near the springing lines, thereby forcing the upper 
portions upwards along the other joints of rupture. 

Considering in the next case, the equations (3) and (4), there 
results, by reduction, 



and, 



Wit — ^az^ 
Q« ' ; (9) 



Q==.5^i^. (,,j 
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for the values of the limits of Q, when it it applied to the point 

The value of Q equation (9), varies also with the angle 0, of 

34 



die difierent joint!, ind itiTalae muit be celculntedi bt ereij jobt, 
and the maximam of thoee valaes be applied at JV, to piemittht 
upper portion of the arch from fcUing inwards afoand the point n. 

By a similar calcnlation the minimnm valne of equation (10) 
must be ascertained; and the force, which is applied at A^to keep 
Ihe arch in equilibrium, must be greater than the maximum of 
equation (9), and less than the minimum of equation (10), 

These conditions suppose that the tnaximum of equation (9y i> 
gi?en by a joint of rupture between the key-stone and the springisg 
Une^ whilst the minimum of equation (10) arises frooLa joint neir 
the springing line, in which case, the tendency to rupture will 
arise from the upper portions of the arch falling inwards (Fig. EE) 
around the point in, thereby thrusting the lower portions outwards 
around the exterior edges of the joints near the springing lihes. 

If the force Q were applied at Jf; the tendency of the arch to 
rupture would arise frY>m the lower portions foiling inwards, (Fig. 
FF,) and thereby forcing the upward portioiis outwards. 

The conditions of equilibrium in this case would be of the same 
form as in equations (0) and (10), the quantities as, |^ x\ and / 
being estimated with respect to the new directions of die forces Q 
and W. 

The equation of equilibrium with respect to the point m, will 
give, 

^^Wx-jaz^ ........ (II) 

and for the point n 

Q.I^'jh^!!. ...:.... (12) 

The maximum value of Q in equation (11). found, as has already 
been pointed out, will be the force, which applied at M, will pre- 
vent the upper portion of the arch from turning outwards around 
the point m. And the least value of Q equation (12), will be the 
force, which applied at the same point, would cause the upper por- 
tion to turn outwards around the point n. The equilibrium, therefore, 
requires, that the maximum of equation (11), must be less than the 
minimum of equation (12). 

In the preceding, discussions it has been supposed, that rupture 
will ensue either by sliding simply, or by a rotation of the parts; 
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bat k might take place partly by sliding, and partly by rotation. 
To be certain that it will not take place under any circumstances, 
the greatest values of Q in equs^tions (7) and (9), must be less than 
the least values in equations (8) and (10); also, that the values of 
Q in equations (7) and (11), must be less than the least values 
furnished by equations (8) and (12). 

The flteries of operations, therefore, which must be gone through 
with, to ascertain whether a given arch is in a state of stable equili- 
brium will be simply the following : — to calculate, in the first place, 
the greatest value of Q furnished by equation (9), and to take this 
as the horizontal thrust of the arch ; — then, in the second place, to 
examine whether this horizontal thrust will be less than the force 
necessary to cause the arch to turn outwards, around the exterior 
edge of any of its joints, as furnished by equation (10); — finally 
to ascertain whether this horizontal thrust will be insufficient to 
cause the arch to slide outwards along one of its joints, that is less 
thdn the least value of Q furnished by equation (8). 

The joints of rupture, furnished by the equations (10) and (8), 
will-usually be near the springing line, as it is evident, from in- 
spection, that th6 lower portions of the arch will yield more readi- 
ly at these points, either to sliding or rotation outwards, than along 
joints whose inclination to the horizon is greater. In seeking the 
joints which correspond to the maximum of equation (9), the re- 
sults of the experiments on arches and large bridges may be resort- 
ed to, for the purpose of abridging the calculations. 

There still remains to be considered the manner of calculating 
the quantities TF, x, x\ y and y\ all of which are functions of the 
angle 6 ; and of deducing the maximum value of Q, in equation 
(9) from that of 6. The spirit of this calculation may be gathered, 
from the following applications to particular cases, without enter- 
ing into all the details that the calculation necessarily requires. 
Let AWiVB (Fig. GG) be the half of a fuU centre arch, which rests 
on abutments ADEF, whose height is AD ; and let it be required to 
find the horizontal thrust of this arch ; the circumstances of its 
own strength to counteract this thrust; and the thickness to be 
given to the abutment to prevent the thrust from turning it around 
Its exterior edge E, 

From an inspection of equation (9), it appears that the value of Q, 
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Jbr any point mn^ will be fennd \jf multiplying tbe weight of thi 
portion «iJlfiVii| which ie represcoited bj FT, into the perpendiai- 
kr diatance from the point «, repreaented by s, to the Teitical pat* 
aing through the centre of gravity of nMNut and dividing thii 
product by the perpendicular from the point ai, repreaented by jrto 
the line of direction of the horizontal force i2» applied at ii| the 
reairtance due to eoheaiofi, being neglected, which neglect ia in 
lavor of the atability. 

Now« aa the area in queation, aa well aa the quantitiea » and 
|f^ vary with the poaition of the joint mii, or with the angled, it £>!• 
lowa» that theae quantitiea are functiona of ^, and that Q;therefoTey 
ia a fimction of 0, and will be generally ezpreaaed by the rela- 
tiona 

To find then the value of ^, which correaponda to the maximum of 
Qfthe firat diflbrential coefficient of thia expreariim moat be placed 
equal to zero, or 

dd • 
and the value of d which reaulta from it, being anbatituted in equa- 
tion (9), will give the required maximum of the force Q. 

Aa the operations here indicated to obtain Q, will generally 
be tedious, and somewhat complicated, either of the following 
methods may be resorted to in its place, and the same result be 
arrived at. Firstly, since the general value of Q equation (9), is 
of the form, 

X 

T' 

andaSi 

y" dr 

it follows that the value of may be substituted in either of these 
fractions ; and the resulting value of Q will be the one sought 
A simple inspection will show which of these two fractions will 
give the simplest expression. Secondly, as the value of 6 varies 
with the joint atn, its values for each joint mn, m'n\ &c., may be 
substituted successively in equation (9), and the one which gives 
the maximum of Q be taken as the joint of rupture. In making 
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this calculation, by successive substitutionSi tbe labor may be 
abridged, by taking* advantage of the results of the experiments on 
the rupture of arches, substituting at once for the angles there 
given, and comparing the resulting value of Q with those obtained 
for the joints just above and below the one assumed. 

Having, by either of these methods, calculated the horizontal 
thrust, it must be compared with the least values of Q furnished 
by equations (8) and (10), and if it be less than both of them, the 
arch will be in a state of stable equilibrium. 

Let the-joint m'n\ now be supposed as the one which corresponds 
to this maximum of Q, and let this maximun(i be designated by Q'. 
Now, since the arch itself is in a state of stable equilibrium, the 
only manner in which rupture can take place will be either by the 
force Q' causing the whole of the serai-arch, and its abutment, to 
turn outwards around the point E ; or else to slide along the base 
ED, As the tendency to the last kind of motion can be easily 
prevented, by the methods of construction, the first kind need alone 
be considered. The conditions of strict equilibrium, in this case, re- 
quire, that the moment of the force Q', with respect to the point jB, 
shall be equal to the moment of the weight of the semi-arch, and 
its abutment, with respect to the same joint. 

Designating then by W, the weight of the semi-arch ABNM^ — 
by d}^=^Ed the length of the perpendicular, from jE, to the vertical 
passing through its centre of gravity O', — ^by VT", the weight of the 
abutment DEFA^ — ^by d"=Ec the perpendicular from E to the 
vertical through its centre of gravity, — finally by A=jE/the per- 
pendicular fron^ E to ihe direction of Q\ the equation of equili- 
brium will be, 

W'd" + Wd! = Q'A. 
To find from this expression the thickness of the abutment, when 
its altitude is given, the following method is taken : Designate the 
the altitude AD by a, — the thickness ED by a;, — and the weight 
of the unit of volume by w, — then the area AFED=hix and the 
weight W, corresponding to the unit of length of the abutment, 
will be W=:wax. The foregoing expression will therefore be- 
come^ by substituting these values for d*'t d\ and TF", 

firom which z can be readily obtained. 
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Having ihus completed ihe soluiion ofthe problem of equilibrium 
for cylindrical archts in general, a few words remain lo be raid 
respKling ihe calculalioos which are required in tinding the diffe 
rent values of Q equation (9). These catcolalions simply consiit 
in finding the values for difTerem areas, and the distances of theit 
centres of gravity from a given line. As ihe arch is bouodedby 
curved and right lines, these areas, as well as ihe distances of theit 
cenlreaor gravity from any vertical line, can be found by the usual 
problems for finding these different values. If the area ABMN. 
(Fig. HH,) for example, is considered, its area will be found byan 
expression of the form 

X 

and the distance of its centre of gravity from the vertical AL, will 
be found from an esptession of the form 



/ sdx 

expressions in which x = Ap, y =■ «». ""i^ ^^^ integral is iBkea 
between the limits 2=0, and X - AP. Bui as this method of cbI- 
culaiing these values may, in many cases, be very long, it will, ge- 
nerally, be belter lo use some of the methods of approximalion 
which will give results less accurate, it is true, but alao requiring 
less labor. The following methods, given by Legendre for com- 
puting quadratures by npproiimation, may be used in the cases re- 
ferred to. Let ABMN be a portion of a circular ring, or of any 
other figure bounded by the two curves AMani BN, of which the 
equations are known, and let AL and AP be two rectangulaT azei 
to which these curves are referred. Divide Ihe abscissa AP^ X 
into any number of eqaal parts Ap-'fp' » ffp", dbc., and desig- 
nate each of these equal parts by a ; — designate by e, c*, e". Sec., the 
ordinates of the curve AJIf which correspond to the abscissas fa, fa, 
&d Then if the distances a are taken very small, the portiona of 
the euTTe between any two consecutive ordinates e, and e',—e', and 
c", dtc, may be regarded as belonging to an arc of a parabola, and 
the sfflall area, included between them as a portion <>i the parabolie 
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area. Each of the putial aras Afm, mfj^wi^ ftc^ will be cqoal 
iisspectifelj to 

|-(tf+4*+0, -J (c +4«" + 1"). |. (c"' +4«- +c') Ac, 
and bjr adding then putial areas, thor anm, or the whole area 
XPJf — /^ ilxl'(z) — J^ wfll be 

ID which It is the whole Dumber of parts ioto which the leDgth 
AP = flsa is divided. This formula adoiits of aoother form which 
would giTe a Dearer approximatioo, birt it will giro a snfficieotlj 
accarate resah in its present form, if the length a is taken Tery 
smalL 

Another method is as follows : Divide the abscissa, as before, 
into any nnmber of small eqoal parts each eqoal to \<l, and con- 
stmct the ordinates corresponding to \a^ f«, \a^ &c., which de- 
signate by c, c*, c\ &c. ; then the area will be expressed by the 
formula 

in which — \ — L and — r^, are the valaes which these two qoan- 
ax ax 

tities take, when 2 =? JT = AP, and x = o. This formula gives a 

nearer approximation than the former, and requires a calculation 

of only half as many terms. 

The area ABN may be divided in a similar manner, and the area 
ABIVM, which is the difierence between the two, be as easily found. 

Having determined the limits of the horizontal thrust, there re- 
mains to be considered the means which most be resorted to in 
order to render the structure stable, when this force is so great as 
to threaten rupture in the given arch. These means consist either 
in increasing the weight of the parts which are opposed to the 
horizontal thrust, in making them thicker, or in adopting such a 
method of construction as will answer the end in view. When it 
ia found that there is danger from a motion of rotation around 
either of the points B or E, it may be coufiteracted, for the first, by 
increasing the thickness of the arch ; and, for the last, by increasing 
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the tkickDeM of theabutmeDt; ot» in either case, by increasing the 
weight of the parts which tend to counteract the horizontal thrust 
If there is danger from rupture by sliding along AB, it may be 
counteracted by inclining the joint inwards, or by making a very 
firm bond between the top coarse of the abutment and the bottom 
course of the arch by iron cramps, or by letting the stones into 
each other. A tendency to slide on the base of the abutment must be 
counteracted in a similar manner. 

In making the preceding calculations, the Talue of /should be 
tak^i as that which is found for the tangent of the angle of friction 
between cut-stone laid dry. For stone smoothly chiselled, /may 
be taken at 0,58 ; and for dressed hammered stone at 0,78. The 
letters c and a, which represent, respectively, the adhesion between 
the stone and mortar, and the cohesion of the mortar itself have dif- 
ferent values, according to the quality of the mortar and the state 
in which it is when the centre of the arch is struck. From some 
experiments made to ascertain the value of c, it appears that it may 
be estimated at about 2 lbs. on the square inch for green mortar, 
and about 10 lbs. on the square inch for the best mortar when fully 
set. The value of a may be found from the experiments of Treus- 
sart detailed in the Subject of Mortar. 

If the cohesion is neglected in making the calculation for the 
thickness of the abutment, then the rupture should be considered as 
taking place somewhere along a line drawn in the direction AJE, 
in which case the portion of the abutment below this line should 
be disregfarded, as it will have no effect towards counteracting the 
tendency of Q. 

When the foundations of the abutment are laid on a compressible 
soil, the spread ab and the depth Db of the foundation must be so 
determined, that the resultant of the horizontal thrust and the weight 
of the semi-arch, with its abutment and foundation, shall pass 
through the middle point of ah. The reasons for this will be given 
in Note VI. 

In the discussion of the circumstances of rupture occasioned by 
rotation, the parts were supposed to give way by turning around an 
interior or exterior edge of the joint of rupture; but this supposi- 
tion is evidently incorrect, except where the voussoirs are perfectly 
hard and inelastic bodies. But in admitting the reverse of this 
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ftupposition, the question presents itself as to what law of Tariation 
the pressure at different points of the joint follows. It seems na^ 
tural to admit that so soon as any joint commences to open, the 
pressure is nothing at the edge where the opening begins, and 
is greatest at the opposite edge, — ^that, owing to the elastic nature 
of the material, the pressures increase uniformly from one edge to 
the other, — and that the compressions, therefore, which are due to 
these pressures on the different elements of the joints, offer resis^ 
tances which are proportional to the pressures. 

If the joint mn of rupture be considered, its length being design- 
ated by z, — an element of this length, at the distance r from the 
point i», where the pressure is greatest, by dv, — and the greatest 
pressure on the unit of length at m, by p ; then the pressure on the 
element dv, according to the preceding suppositions, will be repre- 
sented by 

— pdv ; 

z 

but the expression for the total pressure on mn, equation (R), as 
found in the preceding part of this Note, is 

W^sin. 6 + Q COS. 0, 
and as this must be equal to the sum of the elementary pressures, 
there results 

^/' vdv = W sin. 0+ Q cos. 0, 

Z o 

from which, by taking th*e integral indicated, 

ipz = TFsin. d + Q cos. 0, 
or, for the maximum pressure on the unity of length, 

2(Wsin.d + Qco9.e) ._. 

P= . . . lo). 

Z 

I( instead of adopting the hypotheses here admitted, the pressures 
were supposed uniformly distributed over the joint m, that on a unit 
of length, which may be designated by p\ would be 

, W8m.0 + Qcos.e 
p^ ^ . 

which shows, that in the suppositions adopted p = 2p'. 

Adopting the same hypotheses and notation for the joint at the 
key«8tone, and designating by « the versed-sine of the arc mM, the 

35 
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prwrore on any eleaaept dv, at the distance vfrooi JM^willber^i^ 
iCDtedby 

and aiBce the sum of the moments of these elementary picssarei 
taken with respect to the point si, must be eqoal to the momflitt of 
the weight of the portion mMNA^ in the case of eqailibrinm, there 
will result to express the conditions of this equilibrium, 

f-f*vdv, (f + r)- Wz; 

or, taking the integral indicated, 

from which 

^ %Wx 

^'^ Zzs + 2z' • 
Having thin obtained the maximum pressure for the unit of length 
on the joints MN and mn ; and knowing the strength of the stone 
as giren in the Subject on the Strength of Materials, it can be readi- 
ly seen, whether the strength of the stone, at the above mentioned 
joints, will be sufficient to resist this pressure. 

In adopting the value of p, as found by the preceding supposi- 
tions, it is evident that any error committed will be on the safe side; 
for as the arch will have an excess of stability, when its equilibri- 
um is stable, the joints, so far from opening, as has been supposed, 
will remain very nearly, if not entirely, in contact throughout iheir 
length, so as to distribute the pressure over the whole of their sur- 
faces, making it, however, rather less at the edge, where the open- 
ing would begin, than at the other. 

Equilibrium of Groijied and Cloistered Arches. The preceding 
discussions on cylindrical arches proper, may be readily applied 
to the circumstances of equilibrium of groined or cloistered arches, 
as they are composed of cylindrical arches. 

Let ABCD {J^'xg. II.) be the space covered by a cloistered arch, 
composed of two cylindrical arches, of which the portions BOC, 
and ADD, belonging to the same arch, are sustained by the abut- 
ments and aADd, bBCc, and the other two portions AOB, and 
DOCj belonging to the same cylindrical arch, are sustained by the 
abutments cCDd, and aABb. To establish the conditions of equili- 
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biain relative to the abutments, and to find their thickness, the two 
portions BOCf and AOD, with their corresponding abutments, 
shoaJd be considered independently of the other portions, and their 
ilNitments as if there were no connection between them, along the 
hn ae, and bd. By this means the equation expressing the con- 
dkiootof equilibrium, and from which the thickness of the abutments 
is found, will give an excess of stability, arising both from the adhe- 
BOD of the mortar -along the lines ac and bd, and from arches of 
this kind being generally so arranged, that the stones along these 
lines shall form a portion of each of the cylindrical arches of which 

Aese lines are the intersections. 

I 

[. In the groined arch, the portions of the arch aAOBb, and 
iBOCc, (Fig. KK) belong to the same cylindrical arch ; and the 
nme is the case with the portions b'BOCc\ and a'AODd' ; so that 
the points of support of the whole arch are the four pillars aAa*a^\ 
hBb'b'\ &c., which perform the same functions as the abutments in 
the cloistered arch. The equations of equilibrium are found in 
tile same.manner, as in the preceding case, except that the portions 
•iOBi, and dDOCd, for example, which tend to turn the pillars 
ow, around their edges, a'a'\ b'b", &c., are opposed, not only by 
tb moments of the weights of the four pillars, taken with respect 
to those edges, but also by the moments of the weights of the por- 
tions yBOCc*, and a'AODd', taken with reference to the same 
points; so that although the upper portions of the arches, in this 
^ are heavier, and their centres of gravity fall farther from the 
^nor edges of the points of support, than in the cloistered arch, 
theystiU present more stability, and require a smaller mass to 
•Mtain their thrust, owing to the weight and the thrust of theoppo- 
"ts parts counteracting each other, whilst in the cloistered arch 
they act entirely independently. 

In the calculations for cylindrical arches, the operations are re- 
duced to finding the expressions for the areas, and their centres of 
Sf^nty, since the portion of the arch considered, is supposed to 
correspond to a unit of length. But in the arches now in question, 
^•fettladons of solids and the position of their centres of gravity, 
^"^^ be made, since the portions of the arches considered are not 
of uniform length at top and bottom. These calculations pre- 
"^ uo difficulties, as they amount only to simple cubatures, which. 
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may be rigoronsiy effected by well known geometrical methods 
or by approzimationa of a similar nature to those already laid 
down for quadratures. 

Uses of Iron Ties for strengikening, arches. Cases may ari^^ 
where cylindrical or other arches may be requisite, in which, fro^ 
some causes, it may not be practicable to give sufficient thickn^^^ 
or weight, to the abutments, to insure a stable equilibrium. A ^^ 
medy, in such cases, may be found in the use of iron rods, or t€^^ 
to connect more firmly those parts which are most liable to yiel4 
£rom the effects of the horizontal thrust 

In arranging a tie, for the purpose in view, three points must be 
considered, 1st The best position for the tie — 2d. The tension 
brought upon it from the thrust in this position, — 3d. The addi- 
tional tension, arising from the contraction of the metal. The 
cross section of the bar must be of sufficient dimensions to resist 
these different forces. 

Let ABNM, (Fig. LL) be a semi-arch and its abutment, and 
let sm be the joint of rupture. 

Now, when the arch yields, by the action of the portion mMNn 
foiling inwards, the point «t, will be thrust outwards, and will des- 
cribe a certain path in a horizontal direction, at the .commencement 
of the motion, which will be greater than thst of any other point ; 
but as this motion might be counteracted by a horizontal force, ap- 
plied in a contrary direction to the force that produces the motion, 
and, as, by the principle of virtual velocities, the moment of this 
force will be equal to its product by the horizontal path described 
in the small derangement of the parts, which takes place at the 
commencement of the motion, it follows, that as the moment is the 
same, the force will be the smaller as the path described is the 
greater ; therefore, the point m will require the least force, and a 
tie placed at, or just beneath it, will be best placed, since the tension 
on it from the horizontal thrust will be the least also. 

The tension due to the horizontal thrust is determined by the 
consideration, that its moment, taken with reference to the point B, 
must be equal to the difference of th^ moments of the horizontal 
thrust, and the weight of the semi-arch and its abutment ABNM^ 
taken with respect to the same point. 

To determine, in the third place, the total tension, arising from 
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a eiumge of temperatUTe, let i designate the tension, just found, at 
tke highest presumed degree of temperature, — a the area of the 
cioflB section of the tie, — I its length, — /' the absolute variation of 
tkis length for a giren decrease of temperature, — R' the greatest 
tsisioo on a unity of surface to which forged iron can safely be 
«hmitted« — and E the co-efficient of elasticity for forged iron. 
Then, as the tie has become shortened by the quantity I', owing to 
tke decrease of temperature, it will be in the same state as if it were 
nbiaitted to a strain which would elongate it by the same quantity, 
tks measure of which strain is expressed by, 

Eal. 

tkflitfore, the total tension on the tie has become, owing to the de- 
eresse of temperature, 

t+Ea-j-, 

The area of the cross section then should be so determined that 
K%^ which is the greatest tension to which the tie can be submitted, 
dull be equal to that just found, or 



J2'a = < + Ea 
&om which* 



V 



i 

a mm. 



r-eL 



As the vaine of a becomes infinite, when the denominator of this 
^ion becomes equal to zero, or when Rl = El\ it follows that 
it ii impossible to fulfil the required condition of not exceeding a 
c^rtam tension R\ if the decrease of temperature is such as to satisfy 
Ail eijuation, or if 

L ?L 

I "£• 
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NOTE VI. 

Hkeary of the E^ililmum of Sustaining Walls for Earth and 

Water, 

The method to he pursued in treating this suhject was also 
pointed out first hy Coulomh. The question presents two distinct 
prohlems, the first heing to ascertain the value of the pressure ex- 
erted against a plane surface, hy either earth or water ; and the se- 
cond, heing to ascertain the dimensions of a wall of a given form 
which will he capable of sustaining the pressure. 

Observation having shown when an embankment of earth 
NMBA (Fig. MM) is sustained on any one of its fiices AB, by a 
wall, or any other obstacle, as a rigid plane, for example, that if 
this plane be removed, a portion of the embankment will come away 
with it, separating from the main body along a line AD drawn 
through^ which is sensibly a right line, and that when the cohesion 
of the particles of earth was entirely destroyed, the part of the embank- 
ment sustained by ^jB would finally take a slope ^C, which is termed 
the natural slope. Coulomb observed that since the line of separa- 
tion AD might occupy any position between AC and AB, and that 
to each of these portions, there would correspond a portion of the 
embankment DAB^ whose pressure against AB would vary with 
the position of AD, or the size of the portion which came away 
with the plane, that the efiective pressure on AB, should be mea- 
sured by that position of AD which would make it greatest ; or, 
in other words, that the resistance ofTered by AB should be equal to 
the greatest pressure against it, arising from any of the portions 
ADB, formed by giving different inclinations to the line AD ; for 
if the resistance offered by AB were less than the pressure thus 
found, it would yield to it ; and if it were equal or greater, there 
would be no yielding, since the pressure is the greatest possible. 
The portion thus defined is denominated the prism of maximum 
pressure. 

Profiting by these remarks of Coulomb, succeeding engineers 
have given a complete solution of the problem for finding the 
prism of maximum pressure by assuming data which agree very 
sensibly with the results of observation. These data are : 1st, that 
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the line of separation AD is sensibly straight ; — ^2cl, that the den- 
sity and cohesion of the earth are uniform throughout the 
mass ; — ^, that the friction of the particles along AD is propor- 
tional to the perpendicular pressure on the same sine ;-^th, that the 
adhesion and friction of the earth along the plane AB may be neg- 
lected, as by so doing it will favor the stability. 

These data being admitted, let AB (Fig. NN) be the position of 
the plane, AC the line of the natural slope, AD the line of sepa- 
ration of any prism DAB, and AF a vertical line, which is equal 
to the height of the embankment. Designate by q> the angle CAF^ 
which is .the complement of the angle of the natural slope, — ^by 6 
the angle DAB of the prism, — and by b the angle BAF of the 
plane with the vertical. 

The weight of the prism which will be designated by "PF, may 
be represented by the right line ah, taken on the vertical passing 
through its centre of gravity ; and the resistance offered by the 
plane AB, or the pressure of W on it, which will be designated by 
P, may be represented by a line <Z/ perpendicular to AB. Now 
as the tendency of W is to cause the prism to slide along the line 
of disjunction AD, whilst that of P is to prevent this motion, it will 
be necessary to find the components of Wand P which favor this 
tendenc}', and those which oppose it, and in the case of equilibrium 
their difference must be equal to zero. 

The components of W = ah, which are perpendicular and pa- 
rallel, respectively to AD, are represented by 

^=s TFsin. {0 — e), and ac= PFcos. {0 — c). 

The like components of F^=df, will be expressed by 

e/=a P cos. 0, and ed^=^F sin. 6, 

But since the component of W parallel to AD, is the only one 
of these forces whose action would tend to make W slide in the 
direction DA, and as it is opposed to the component of P parallel 
to DA, which acts from A towards D, as well as to the friction 
along AD, arising from the pressure caused by the components of 
TFand P perpendicular to AD, and also to the cohesion along 
AD; the equation of equilibrium will be expressed by 
TTcos. {6 — b)^P sin. 6 +/Pcos. 6 +/Trsin. {e — e) + C (1); 
in which /is the ratio of friction to the pressure, and C the cohe- 
•ion along AJD, From this equation there obtains 
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THco* (<>-«) ~/«fa.(tf-»)t~C 

^" no. +/c« « •^'' 

which qtpwm the iFftlao of the pranm on AB^ ow e d by asf 
priem DAB. 

Designatiog the altitude uAFby A«— 4he baee of the trieagle JDJB 

will be exprenedby 

COe. •CO8.(0 — af 

and the tide il2> by 

^""coe. ((?—)• 
If to be taken to represent the weight of the unit of Tolimie of the 
earth ; the weight of the priim will be expressed by the area DAB 
+wssir; or, finding the value of the area in terms of the base 
andaltitadeby, 

W— tgA* sin. 6 
" % COS. B cos. (B — e) ' 
As the quantity /represents the ratio of the frktion to the pres- 
sure, and as the value of this quantity is expressed by the taog^ 
of the angle made by the line AD when the prism would remain at 
rest owing to the friction alone ; and as this angle moreoTer is the 
same as that of the natural slope, since the particles remain at 
rest on this slope, it follows, that 

COS. 9 

/=COt. 9« -: . 

•^ sm. 9 

To determine C it will be necessary to know the value of the 
cohesion for the unit of sur&ce. Let this value be supposed found, 
and designate it by c, then the total value of the cohesion on AD 
will be represented by 

cos. (6 — 6) 
By substituting for W, / and C, their respective ralues in equa- 
tion (2), there results 

5 sm. 6 } COS. (0 — fi) ;— 1- sm. iO — b) \ — — r 

g COS. • ^ ^ ' sm. 9 ^ ' ^ cos.(d-*) 



P = 

sin.(9+ 

sm. 9 



. ^ , cos. 9 ^ 
sm.^H — ; — ^cos.(? 



which, by reduction, becomes 
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^__2 COS. B 



sin. ^ J sin. 9 COS. {6 — e) — cos. 9 sin. {0 — e)\-^ch sin. 9 



(sin. 9 sin. Q + cos. 9 cos. d) cos. {d — e) ' 

but, from the expression for the sine of the difference, and the cosinet 
of the difierence of two angles, this last expression reduces to 

sin. 6 sin. (9 -f c — ^) — 2cA sin 9 

__ cos c. 



2 COS. (9 — 6) cos. {0 — e) ' 

and this finally hecomes, by substituting for the products of the 
sines and cosines, their values in terms of the cosines of the sum 
and difierence of the angles, 

5 cos. ((p+e — 26)— i-- co8.(9+f )+2cAsin. 9 \ 

P_ 2cos. g ^ ■ ^2 cos. e ^ ' ' ' 5 ^, 

cos. (9 + c — 2i9) + cos. (9 — a) ^ '» 

which represents the value of the pressure of any prism, whose 

angle DAB is 6^ against the plane AB, 

But to obtain the effective pressure against the plane AB, this 

Talue must be taken the greatest possible, and as it dep^ods on 6 

alone, which is the only variable quantity in the expression, the 

condition to be satisfied, in order to obtain the maximum of P, is 

dP 

— =0. If then the equation (3) is differentiated, and its first dif- 
ferential coefficient placed equal to zero, the value of detennined 
from the resulting equation, will be the one which corresponds to 
the maximum of P. 
When this differentiation is effected, it will be found, that the 

dP 

numerator of the resulting equation, which is equal to -y^, con- 

tains a &ctor sin. (9-|-'^ — ^) common to all the terms, and as this 

factor must become equal to zero, when-^r-=0, it follows, that 

the condition of P being a maximum, gives 

sin. (9 + e — 2^) = 0, 
and as the angle becomes zero when its sine is zero, there results, 

9 + e— 2^ = 0, or (9 = ^(9 + e); 
which shows, that the angle of the prism of maximum pressure is 
one half of that included between the line AB of the plane, and 

96 



that AC of the nalurnl slope j or. in other words, that tiia angle is 
bbecled by the line of separation AD. 

Having thus obtaiDed the value of 0, cotrespODding to the prism 
of maximum pressure, the tbIuc of that pressure will be found, 
by subsiiluting the value of S in equatioa (3). By making this 
sabstitulion, and recalling, since (f-j-e — ^3^=0, that cos. (^-f-t— IW) 
=1, there results, 

Z-— — Jl — COS. (ip + OI — SeAsin. 9 

p=?_^?!if - - -■ 

1 + COS. (¥ — f ) 

but since 

1 — COS. {qo + e) = 2 sin.' ^ (9 + f)i 
l+co9.{q. — £) = 2 COS.' f (?.-£). 

this expression becomes, 

-^ sin.» J (<p -J- f ) — 2cA sin. v 

cos- t ^ ... (41 

If the value of P, equation (4), be placed equal to zero, and ihe 
Talue of h, corresponding to P=Q, be designaled by h', the equa- 
tion, when reduced, will give 
_ 2c sin. rp COS. s 

*-».m.-i (, + .)' '■' 

from this expression the Talue of Se sin. 9 can be obtained ; by sub- 
■tituting which in equation (4), and placing, 

__. !„.■ t(T + .) (J, 

COS.' «COB.* J(lp «) ' * 

in ord« to abridge the expression, there will, finally, result 

P = JmS(A— A')(' COS. a (A) 

Before interpreting this value of f in words, it will be necessary 
to ascertain what the quantity t, which enters into it, repiesentt 
For. this, the expression for ibe base £i) of the prism must be re- 
sumed. This expression become, when the value of 0=j(H'') 
is substituted in it, 

BJ> *sin.j-(v+t) 
c^s.scos.i(fl) — *)' 
which being divided by A gives 

BD_ sin.i{y + «) ._j 
A COS. £ cos, J (9 — f) * 



^ 
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from which it appears that the quantity t^ equation (a), is the 
square of the ratio between the base and altitude of the triangle 
DAB, Having thus obtained the value of ^ the expression (A) 
<5an be easily interpreted in words ; since w is the weight of the 
unit of volume of the earth, h the total altitude of the prism, h' the 
altitude of a prism of earth when the pressure is zero, t the ratio 
of the base and altitude of the triangle DAB^ and e the angle 
between AB and a vertical line. 

In the equaticm (A) if e is made equal to zero, the cos. e becomes 
equal 4o unity; and when the slope ^JB is assumed in the direc- 
tion AS, or the plane is supposed to slope towards the embank- 
ment, the angle e must be regarded as negative 

Having, in this manner, obtained the value of the maximum 
pressure, the next step in the investigation will be to ascertain its 
ejects on the plane AB ; and for this purpose, the point of appli- 
cation of the force P must be found. This point corresponds to 
the one, which is termed the centre of pressure in fluids. 

Resuming equation (A) it will take the form of 

P=~z{z — A') f^ cos. e, 

for any distance z=A, below the horizontal BC, By differenti- 
»ting this expression, there results, 

dP = wi^ COS. e (^z — -^h') dz ; 
an expression which represents the pressure dP on an element of 
AB corresponding to dz. 

Let O be the point of application of this elementary pressure* 
then its distance from A will be expressed by, 

h — z. 



A0 = 



cos. 6* 



the moment of dP therefore, taken with respect to the point A, which 
moment, equal to dPxAO, will be expressed by 

yjfi (h^z){z—^h')diz (c) 

and the integral of this expression, or the sum of the moments of 
the elementary pressures d,P will give the moment of the total 
pressure P with respect to the point A. This integral being taken 
between the limits oi z = and 2;= A, there results for the mo- 
ment, 
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and by dividing ihis momenl of ihe total pT««snre by the preasora 
P, equotioii (A), there will be obtained the velue of the distance of 
the point of application of P fiom A, wbicli expression becomes 



A(iA — jh) 



(B). 



{h — k') COB. e 

There is one point in this investigation which requires elucida- 
tion, and that is reapeciing the limits of s, between which [be in- 
tegral of the equation (c) should be taken. Since the preaanre is 
zero for a height h = A', it would, ot first, seem that this inlegral 
ought to be taken between the limits of z = h' and 2 = A; but, if it 
be considered ihot, although the pressure is nothing on the plane 
AB, when the prism has the aUitude A', it does viot follow that 
there will be no pressure from this prism when it forma a part of 
any other prism whose aUitude is A, but, on the contrary, that the 
pressure due to this prism is in part owing to the prism, it will 
readily appear that the limits taken for z are the correct ones. 

To apply the equations (A) and (B) to the case of water, it will 
be simply necessary to make A' = 0, since the cohesion is zero in 
this case and 71=90° ; then there will obtain for the value of t the 
eipreasion 

i;=tan. {45°Tif)±l«n " . . . . (c); 
in which s must be made positire, zero, ot Qegatire, according as 
the plane AB slopes from the water, is Tertical, 01 alopes towards 
it On the inpposition of e=0, those equations become 

P_!^,andAO=iA. 

The values of the greatest pressnre and the distance of its point 
of application from the foot A of the plane being thus determined, 
the second part of the question can now be entered upon, which is, 
to determine the dimensions of a wall of a given form which shall 
offer the same resistance to the pressure at the immovable plane AB. 

Lei ABEF, (Fig. 00,) be the cross section of a wall, the inte- 
rior slope or batter of which is given, and equal to the angle ', the 
exterior batter being represented by m, which is the ratio of the 
base £t to the altitude Fe. Let O be the point of application of 
the pressQie P as already determined. Designate by x = jlFtbe 
base of the wall, — by h = Fe its altitude, — ^by w the weight of the 
unit of its volume,— and by a the value of the cohesion of the ma- 
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aonry of the wall on the unit of surface, as given in Note V. The 
results of experience go to prove, that a wall sustaining a pressure 
of earth or water, will yield in one of the following ways, either 
the entire wall will he forced from its position hy sliding along its 
hase AF; or a disjunction will take place along some line as SF, 
hy the upper portion BEFS sliding along SF; or the whole wall 
will he thrown over hy turning around the point JP; or, ^ally, a 
disjunction will take place along SF hy the upper portion turning 
around the point F. But, as the tendency to sliding can always he 
prevented hy a suitahlei arrangement of the masonry, it will he only 
necessary to consider the cases where the entire wall, or only a 
portion it, yields hy a motion of rotation around the point F, 

Let the case of the rotation of the entire wall he first considered. 
By drawing through the point O the line OG perpendicular to AB^ 
it will be the direction of the pressure P, and its moment with re- 
spect to the point JP will he P X FG ; in which FG is the perpeU' 
dicular from F upon the line of direction of P. Drawing from 
F a parallel to OG, the line/0 = AO — 4/^ will be found equal to 
FG ; but AO from equation (B), is expressed by 

^0_ A(iA-iA') . 
(A — K) cos. e ' 
and from the triangle AFf^ which is equi-angular with ABb^ there 

results 

4/"= X sin. B ; 
therefore, 

{h h) COS. B 

and the expression for P x FG, becomes 

\wtn{h — h')cos.B r5^\~*^^ a; sin. e I . (C). 

^(A— ^) cos. B > ^ ' 

But in order that an equilibrium between the pressure, and the 
weight of the wall may take place, the moment of the weight of 
the wall must be equal to that of the pressure. To determine this 
last moment, the simplest plan will be to subtract from the mo* 
ment of the rectangle AbeF, the respective moments of the two tri- 
angles AhB and FeE. The moment of the rectangle will be ex- 
pressed by its area multiplied into the weight w of its unit of vo- 
lume, and this product by the perpendicular from the point Pto the 
vertical through its centre of gravity, or by 



386 smppLBKBirr. 

The raipecti?e moments of the trianglee will be found in a similar 
way, that of AbB will be 

iii/A« tan. » (« — i* tan. ») ; 

and that of FeE will be 

By adding, therefore, these two last expressions, and placing the dif- 
forence between this sum and the moment of the rectangle, equal to 
the expression (C), there will result an equation which will satisfy 
the conditions of equilibrium required. By solTing this equation 
with respect to 2, there results 

x^i:i^hULiL •—^t* (A— A') sin. • COS.* I 



+ \/il*tan.t— -^/'{A— *')sin.«cos.«^* 



+ "5 <'*(i* - m -i*' (ttn.« — »i« ) i 



for the breadth ilFof the base of the wall, the thickness of which 
at top will of course be determined from the exterior and interior 
slopes. 

This expression will apply to a wall of any form, by makings 
suitable substitutions in the value for x. For example, when the 
back AB is vertical, 6 becomes zero, in which case those terms in 
which sin. e and tan. e enter, also reduce to zero. In the same 
way, if the fece EF is vertical, it will be necessary to make m = 0. 
If the cohesion is to be disregarded then h' » 0. Finally, in the 
case of water it will be necessary to substitute the value of i found 
in the expression c, and to make h' = 0. 

When the wall yields to the pressure by disjunction along any^ 
line SF, and a rotation around the point F, the value of the moment 
of the pressure along the line BS will be expressed by substituting" 
z for h in the expression (C) ; z designating the altitude corres- 
ponding to BS, In order that an equilibrium shall take place this 
moment of the pressure along BS must be equal to the moment of 
the entire wall, diminished by the moment of the portion AFS^ to 
which difference must be added the moment of the cohesion df the 
masonry along SF taken with reference to the point F, From 
what has just been shown, the expression for the moment of the 
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entire wall may be readily found : that of the triangle ASF will 
be equal to its area multiplied into to' and this product multiplied by 
the perpendicular from JPon the vertical through its centre of gra- 
vity. But as it will be more simple to divide the triangle ASF into 
two right angled triangles, by the perpendicular RS, and to take 
the sum of their moments instead of that of ASFy there will 
result 

iw'{h — z)\x—(h — z)im.e\^ 
for the moment of the weight of FSR, and 

iw'{h — zy tan. 6\x — ^h — z) t^n. cj, 
for that of the weight of ASK. 

The moment of the cohesion along SF^ adopting the same hypo- 
thesis as in Note V, will be represented by iaSF\ a representing 
the cohesion of the unit of surface, which becomes by determining 
the value of SF^ from the triangle FSR, 

±a \(h — zy +[x — {h—z)tan.syi . 

Having established the equation of equilibrium, by placing the 
moment of pressure along BS equal to the algebraic sum of the 
moments just found, the value of x can be determined as in the 
case where the entire wall yields by turning around the point F, 
The value of x being given in terms of z, it will be easy to deter- 
mine z so that it shall satisfy the condition of rendering x a maxi- 
mum; to do which it will be simply necessary to differentiate the 
equation of equilibrium with reference to x and z, and to make 

dx 

-=-=0, which is the condition of the maximum of x ; the result- 

dz 

ing equation will give the value of z sought This value of z^ 
which corresponds to the maximum of 2, being substituted in the 
general equation which gives the value of x, there will result from 
it the maximum value of x, or the least thickness that the wall 
can receive at its base ^Pto prevent rupture from taking place 
along the line SF corresponding to this value of x. 

The calculations which are here only indicated offer no difficulty. 
If the cohesion of the earth is neglected, it will be necessary to 
make A'=0 ; if that of the masonry is also neglected, a must be 
placed equal to zero ; finally the signs of e will vary, as e is rec- 
koned positive, nothing, or negative. In the foregoing expressions 
B is assumed as positive. 
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In the cases thus far considered the altitudes of the wall and 
embankment are supposed the same. When that of the latter is 
greatest, it will be necessary to make suitable modifications in the 
expressions (A) and (B) to meet the case ; which may be done as 
follows. The line BV, the base of the^'prism BAVoi maximum 
pressure, will be considered as submitted to the pressure of a me- 
dium of uniform density of such a nature that when the earth 
yields, by sliding along any line as jlFor ST^ this medium will 
separate along a vertical line through For 7, and the part resting 
on B F, or JBT as the case may be, will come away with it. This 
hypothesis supposes that the pressure, arising from this medium of 
uniform density, is equally diffused orer BT, or BV; as, forex- 
ample, if a mass of bricks, whose cross section is the rectangle 
BVmpt were piled up on the sur&ce B F, in such a way, that a dis- 
junction could take place in the mass along any vertical line Tn, 

To modify then the expressions (A) and (B) to suit this h3rpo- 
thesis, let those expressions be taken when £=0, as this will not 
change the circumstances of the case, and will make the expres- 
sions more simple, then 

P^^hU^—iwkh't^ (A') 

for equation (A), and for the expression (B) 

A- A' <^> 

But as the value of h' in equation (a),when f=0 becomes, 

A'=li 
wt 

equation (A') will become by substituting in it this value of A', 

P=^iwh^^ — 2cht (A") 

Now if w" is taken to represent the weight of the unity of 

volume of the medium which is uniformly diffused over B F, it is 

evident, from the hypothesis assumed, that to obtain the value of P 

in equation (A"), for in the case here considered it will only be neces- 

-sary to substitute, instead of iwh\ the quantity w"h+iwh^ ; for the 

pressure on a unit of surface of the wall, arising from the weight of 

the prism of maximum pressure, varies as ^wh\ whilst that which 

is due to the weight uniformly diffused over the base of this prism, 

or over BV, will evidently vary with to" A; making, therefore, 

this substitution, there results 
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P = {w"k + iteV) e— 2ekt ; 
bat when P=0, this expression becomes, 

and representing by k!\ what h becomes in this soppotition, there 
resalts - 

%ii ^X— ^^ = A' -^ 



Wi V) to 

4e 
since A'^s — as has just been shown when the angle e is zero. 
wt 

A Tery simple calculation will now seire to show, that the ex- 
pressions (A) and (6) can be conrerted into others to suit the hy- 
pothesis here adopted, by simply changing the letter h\ in those 

expressions, into k' . 

Nothing more remains to be said on the ralue of the pressures, 
or the dimensions and form of walls to resist them in the supposi- 
tion of a strict equilibrium, as the preceding discussions cover the 
whole ground completely, for every possible case that the subject 
admits of; but there is still to be examined the case in which an 
excess of stability should be given to the wall, for the purpose of 
guarding against all possible accidents. 

The equation of strict equilibrium was determined by placing 
the moment of the maximum pressure equal to that of the weight 
of the wall ; but it is evident that any increase of the moment of 
the pressure, arising, for example, from an increase of weight of 
the earth, as when it is surcharged by a temporary weight, or has 
imbibed water, — or when its bulk is increased from frost, or rain, 
which will act as though its weight were increased, — ^would des- 
troy this equilibrium, It will, therefore, be necessary to increase 
the moment of the pressure so as to give the wall an excess of 
stability. The question then arises as to the manner of determin- 
ing this excess of resistance. The method proposed, and which has 
been gmerally followed, consists in making the excess of the mo- 
ment of resistance proportional to that of the pressure ; that is, if 
M represents the moment of pressure, and M' the moment of the 
weight of the wall, or that of the resistance, in the case of a strict 
•quilibriam M^ M\ but from the method proposed, the equation 
should he writen 

37 
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or ni»f=rnM' + M', 

which amounts, therefore, to multiplying the moment of the pres- 
sure hy a constant quantity n. To determine this quantity n, re- 
course must be had to experience ; for this purpose walls which 
have stood for a long period of years, exposed, under the most un- 
iayorable circumstances, to the various accidents of time, must be 
submitted to calculation, in order to determine their moment of re- 
sistance ; having found this moment, it must be compared with that 
of a wail of the same form, determined according to the conditions 
of a strict equilibrium, and the excess of the former over the latter 
will give the constant number sought From a comparison thus 
mstituted, it appears that in sustaining walls, for ordinary cases, 
the excess of the moment of resistance is one-fourth greater than 
that of the pressure, or 

but as ilfs M ', in the case of a strict equilibrium, it follows, that 
for the case in point, the constant quantity n will be represented 
by^j or, in other words, the moment of the pressure must be 
multiplied by f before it is placed equal to that of the weight of the 
wall; or, what will amount to the same things fio' must be written 
for w', in the equation which gives the thickness of the wall at its 
base. This excess of the moment of resistance has received the 
name of the Moment of Stability. 

Considerations of the same kind should enter into the subject of 
arches, in determining the thickness of the abutments of an arch 
at their base. From various examples, determined in the same 
way as for revetments, it appears that the moment of stability for 
arches should be f , that is, the moment of the horizontal thrust 
should be muhiplied by f before it is placed equal to the moment 
of the resisting parts. 

There is another question of importance, in a practical point of 
view, which may be here introduced. Its object is to ascertain 
among the different forms which the cross sections of sustaining 
walls may receive, the one which offers the greatest resistance with 
the smallest area. To effect this comparison between any two pro- 
files, the following process must be gone through with. 

Let iSf (Fig. W) represent the area of the cross section ABCD, 
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and M the moment of its weight; iS*, (Fig. WW), the area dbcd^ 
«ind M* the moment of its weight, and suppose the altitude A to be 
the same in each. The moment of 8 from what precedes, is re* 
presented by 

and the area of /S» is represented by 

S ==^x — ih tan. e — ^hm), 
In the same manner the moment of S will be 

-M"-i*Ha^ — i*tan.e)« +i^«(itan.«ir_»«){; 
and its area 

In order that these two areas shall present the same resistance, they 
must satisfy the condition M^ M'. If then the quantities A, o^, s^ n 
and 9 are given, « being the same in both, but the exterior slopes 
m and n being different, — the remaining quantity x can be deter- 
mined from the equation JIf = JIf' ; and this value of x being sub- 
stituted in the value of S, will determine its area such as to present 
the same stability as S*, 

Thecrross section of sustaining walls may take one of the six forms 
as shown in Figs. (PP), (aa), (RR), (SS), (TT), (UU). From a 
comparison instituted between these six forms, under the same cir- 
cumstances, it appears that the form in which the exterior slope is 
vertical, and the interior inclined, is less advantageous than 6, where 
both the fiu^e and back are vertical ; — that the forms 4 and 5 offer 
more advantages than 6 ; — that 4 is more advantageous than 5 when 
tan. 9 ]» equal to or less than \, the maximum of advantage result- 
ing from tan. b =\, 

As the remaining forms are compounded of the % 4 and 5, it was 
to have been expected that they would have participated of their 
qualities, and this was found to be the case, for 3 being composed 
of the two most advantageous forms 4 and 5, presents the greatest 
advantages of any of the forms, while 1, which is composed of 
the forms 2 and 5, loses a part of the advantages of die latter by the 
bad point of the former. 

It therefore appears that of all the forms of cross section, the 
(me wUch presents the maximum of advantage with the minimum 
of area is that with a counterslope of one sixth on the mterior aa4 
iko greatest exterior slope. 



Tbmmk fti M mdkStmt of finn 8( (Fig. XX,) whkh »- 
lo be ttDUBihed, ia which o0Mti avii rotadtnted fer the inte* 
aer dop*; e ^igkl eiMunaidoA will ebew that it is ivfcxioc lo 6^ 
■ad in ■ome caees to S. 

Dimenimtt -of Rm m doH ^iU. Wbenthefcuiidatleii^axelaidona 
perfectly iacompreniUe soil, the only cooditioiis to be sstislied tray 
thsl the femidationsdbidl not yieU by slidingakng their bftse,noTbya 
motion of rotation aiotuMl theif eiterisffi ei|ge; the first cmidition 
can always be satisfied, by msaitableconstnietbti of the masonry; 
the last will be satisfied, provided the resultant of the piesmo and 
the weights of the t^all mod its fenndatioa, when produced, passes 
within the base ef the feudations; and llus wUl be.the case^ 
almost wilhoitt.an esKeption, since die reankuit of the ^essnra 
and the wei^ of the wail alotie^mnst pass within the base of the 
wall» and when this xesaltant is eompoonded with the wdghfi of the 
firandatiiMi, their common resultant will apprdaeh slill i«M»e nearly 
a TOftieal line. 

But when the soil is compressible, it is not alone necessary that 
the reaoUant should pase within the base; but the equilifarmm also 
lequirsa that ^ should pass thvongh the npiiddle poitti of it, so that 
it may hayd no tendency to throw the wall either outwards or in- 
wards, by causing a greater pressure on one point than on the 
other, from which unequal settling might result 

To satisfy this condition, the breadth or spread of the foundation, 
must be so determined, the thickness being giyeD, that the resultant 
of the forces in question shall pass through the middle point of the 
base. It would be very easy to express this condition analytically^ 
and from the equation of equilibrium, thus established, to find the 
spread of the foundations ; but, instead of this process, the follow- 
ing simple geometrical . solutions will answer the same purpose, 
and will, moreover, show more plainly the action of the forces than 
done by the analysis. 

Let ABCD (Fig. Y Y) be the cross section of a wall resting on 
the foundation ahcd, the thickness of which ad is known; and of 
which it is required to find the spread such that the resultant of the 
forces represented by the pressure of the earth, the Weight of the 
wall, and that of the foundation shall pass through q the middle of 
ab. Through the point of application of the pressure draw cm per- 



SUPPLEMENT. 293 

pendicular to AB; and through the centre of gravity of ABCD^ 
a vertical line intersecting on nt o; from o set off on «» P, and 
<Mi»=: TFthe weight of ABCD ; construct the parallelogram of 
/oTces on these two lines, and draw the resultant op, which produce 
to intersect o^ at ^ ; set off qh^^aq and complete the rectangle 
abcdf this rectangle will he the required area of the cross section 
of the foundations; for, the resultant of P and IF passes through 
q, the middle of ab, and as the vertical through the centre of gra- 
vity aAciI must, from the construction, pass through the same point, 
it follows^ that the resultant of the three forces passes through qt 
the middle of the hase ah^ therefore ah is the required spread. 

It was slated in the Subject of BAasonry that the rectangular form 
of foundatioffis was less advantageous for walls sustaining a lateral 
pressure than the trapezoidal; and a comparison of the two forms, 
made hy the assishince of analysis, confirms this remark, and, 
moreover, poiDts out another remarkaUe circumstance, which is, 
that, under the same circumstances of wdght of wall and pressure, 
the spread of the rectangular foundation increases continually 
with thedqiith, whereas in the trapezoidal form the spread soon 
reaches a Hmit where it remains seoeibly the same, even for an 
infinite deptL 

The case of the trapezoidal form also admits of a geometrical 
solntioii, which is ladier more complicated than in the last case* 
Let ABCD (Fig. ZZ) he die cross section of the wall, and having 
set off the eqaal otfseu «!>» £r od the top of the k^uadmkfn^ and 
setoff ilsdqtbdid^ draw the indefinite lose a JT; then from ^ draw 
any mcUned Use eft and siip|K»ea^<3i to be the r^uired trapezoid. 
Having; as in the hot case; cooscrocted the remltant of P Mid W, 
draw a line dbioaig #', the canre of gravity of alcd^ and produce 
it to Moet the ri iuIibbs jnst fcqnd, aai then find the common ruHil' 
tant ai the wcigii IF of the trapezoid zbd th^ kt^jwn remiksud. 
Havings nmnimud this iiae, pr<>doc« it to uMentft aX at q ; then 
if ^ were itbe midiie yAtc <c/ 4U$^, the trapezoid m^cd woold satisfy 
the K s yur ed eondiBiocci: he: d tLis a %/a so, ti;.en waijj^^m ^ 
pralir tkan #f , and hatrmq focsbj tJMtr ^Jkttaw^ o^ — i^^* s^ 
it oCon m pctpendkslar ^ar draws tibf^ogh h to 4iX Assmne 
then m arrnnd tm^ar/^ th U^ ztA iEc^ hy the sum yf^Mum^ iW 
^ thfou^ wipch the tmnmm ttmutam passss; dwrn if 
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aq''yVq\ set off their difference aboye aX, on a perpendicular to 
Having in this way found several points, both above and below a. 
let the carve m'bm'\ ^., be drawn through them; and the poii 
b, where it cuts aX, will give the required spread ab, such that the r( 
sultant of P, W and the weight of abed, will pass through th^^ 
middle of ab ; for the ordinate of the curve being zero for this '^ 
point, it follows that the difference aq — bq, which corresponds to it, 
must also be zero or aq = bq. 

Counterforts and Relieving Arches. The counterfort or buttress 
18 seldom used except for sustaining walls for military works; 
its object, in those cases, being principally to limit the effect of 
the shock of military projectiles thrown against the wall, by pre- 
venting the whole wall from being overthrown, as might take place 
where it constructed without buttresses. With respect to the addi- 
tional stability which they give to the wall in resisting the pressure 
of the earth, it is not very important, unless the buttress is placed 
on the exterior of the wall, and that the union between the two is 
so perfect that rupture can ensue only by the overthrow of the whole 
mass around the exterior edge of the buttress. The horizontal section 
of the buttress may be either rectangular or trapezoidal. If it is placed 
within the wall, the rectangular form will give the most stability, 
the volume of the buttress and its length being the same; — if 
placed without, the trapezoidal form, under the same circum- 
stances, will be the best. 

Relieving arches are formed by building, in connection with 
the wall, arches which rest on piers built out perpendicularly 
from the wall. These piers are nothing more than rectangu- 
lar counterforts. The operation of these arches, (Fig a,) from 
which their name is derived, consists in relieving the wall of a 
portion of the pressure of the earth ; and when the union between 
the wall, the piers, and the arches, is good, the stability is greatly 
increased; and the total mass of masonry maybe considerably less 
than in the case of a simple sustaining wall. Relieving arches 
may be built in one or several tiers, according to circumstances. 
In all cases the length of their piers, and the height of the crown 
of the arch should be so regulated that the earth behind the wall 
shall not come into contact with the back of it, within the extent 
from the crown of the arch to the bottom of the pier. 
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Data for Calculation. In applying the preceding formula to 
practical examples the values of the quantities represented hy w, 
M?', /and c must be obtained from experiments. The following 
results have been found in this way : 

The specific gravities of soils of different kinds are represented 
very nearly by the following table: 

Vegetable mould or garden earth, . . . . 1,4. 

Common earth, and earthy clay and sand, . . 1,5 to 1,7. 

Pure clay, or sand, 1,9. 

The value of tr, therefore, will be found by multiplying each of 
those numbers by 62^ lbs., or the weight of a cubic foot of water, 
the linear foot being taken in the calculation as the unit of mea- 
sure. 

The specific gravities of different kinds of masonry are nearly 
as follows : 

Brick, and rubble of calcareous or siliceous stone 
from, 1,7 to 2,3. 

Rubble- work of basalt, 2,6. 

The value of w' will be calculated from these data in the same 
Way as w. 

To determine the values to be assigned to / it will be necessary 
to ascertain the value of the angle g> which is the complement of 
that of the natural slope, / being the natural tangent of this last 
angle. The following table exhibits the values of/, as found by 
experiment : 

Ordinary earth, when perfectly dry and pulverulent, takes a 
natural slope, of about 43°, 10' whence /=0.94. 

The natural slope of same slightly moistened, or in its natural 
state is 54°, whence /=1. 38. 

The natural slope of fine dry sand varies between 30°, and 40°, 
whence/ is between 0.6, and 0.8. 

To determine the value of c, or the cohesion on the unit of suf- 
&ce, it will be necessary to resume the expression for c in the case 
where the*back of the wall is vertical, which is 

in which h' is the height at which earth, in its natural state, will 
stand without caving in, when the side of the excavation is vertical, 
and 9 is the complement of the angle of the natural slope. 
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It hat been found by experiment, that common earth, in its natu- 
ral state, the specific grarity of which is 1.5, and whose natural 
slope is 54^, may be excavated vertically to the depth of three 
feet without caving in. By substituting for w, h' and tan. ^g>, these 
values there results c=20 lbs. for the cohesion on a square foot for 
ordinary earth. For clay h' may be taken 12 feet, and 9=36^, 
which values will give for c about 106 lbs. This quantity, there- 
fore, for the diflferent kinds of earth in their natural state, or when 
well rammed in an embankment, may be taken within these two 
limits. 

Effect of Water on Sails. The action of water is very differ- 
ent in different soils. It does not appear to affect the volume of 
sandy or earthy soils ; but the clayey soils increase considerably in 
bulk by imbibing water ; and those soils, which are termed soapy 
or marly, are changed by it into a semi-fluid state. In each of 
these last cases the action of the soil should be assimilated to that 
of a fluid of the same specific gravity as the soil itself 

In case the strata of earth to be sustained are of different densi- 
ties, then it will be erring on the safe side to consider the specific 
gravity of the whole mass the same as that of the stratum of great- 
est density. 



NOTE VII. 

Theory of the pressure of voussoirs on Centres. 

The arrangement of the frame work of centres should be based 
upon the manner in which the voussoirs act upon it, in order that 
each part of the rib may receive dimensions proportioned to 
the pressure thrown upon it, arising from the action of the 
voussoirs. 

The point at which the voussoirs commence to bear upon the 
centre will be at that joint the natural tangent of which corresponds 
to the coefficient/ as given in Note V ; this angle may, on an ave- 
rage, be taken at 32°, in which case/=0.28; from this point, up- 
wards, each voussoir will bear on the centre with a force which is 
proportional to part of its weight, according as the angle between 
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its lower joint and « rertical line decreases, until this angle becom- 
ing zero tlie whole weight of the Yoossoir will be thrown on the 
centre. The object of the discussion about to be entered upon is, 
to find, not only the pressure which is thrown on the centre by 
each Toossoir separately, bat also the amount of the total pressure 
at each point when all the Youssoirs are laid. Let PQNM (Fig. b) 
be a semi-arch, dirided into roussoirs as ABCD, and let it be 
required to find the pressure on the centre at the point B which 
arises firom the action of the roussoirs above the joint AB. 

Designate by ic, w', ic", &c,, the weights of the respective 
Toussoirs ABCDy &c — by p, y, p", &c., the pressures perpendi- 
cular to the respective joints AB, DC, &c., — by a=^BOM-^COM 
the angle between the two joints AB and DC, — ^by b the angle 
BOM, — by z the length AB of the joints, which for simplicity 
will here be supposed the same for each, — by / the coefikient 
of firiction, — and by c the cohesion on the unit of sur&ce along 
any joint AB. 

Now the pressure on the centre, in the direction AB, results 
from the action of four distinct forces ; first from the weight ie of 
the vonssoir ABCD\ second ^m the pressure f exerted perpen- 
dicularly on the joint DC, arising from the weights of the respec- 
tive voussoirs «r', tr'^ &c., which pressure tends to maintain ABCD 
in its place, or rather to prevent its motion in the direction AB \ — 
third firom the fricti^m and cohesion along the joint DC, which, in 
this case, act as a force to drag ABCD in the direction AB, since 
they maintain the voussoirs above ABCD in their place on the 
joint DC] — fourth from the cohesion along AB. The nature <si 
these forces being well understood, and the direction and intensity 
of their actk>n being known, it will be very easy to find their ac- 
ti(m on the centre. For this purpose, let each of the forces be 
decomposed into two components, one parallel to AB and the other 
perpendicular to it ; the algebraic sum of the parallel components 
will, evidently, tend to cause motion in the direction A B, and this 
tendency will, in part, be counteracted by the firiction along AB 
due to the algebraic sum of the perpendicular components, and also 
by the cohesiim along AB\ the pressure on the centre, therefore, 
will be the diflference between these forces; that is, represent- 
ing it by P, it will be equal to the sum of the components parallel 

38 
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to AB, diminished by the amount of friction along AB, which is 
due to the sum of the perpendicular components, and also by the 
cohesion along AB. 

To express these conditions analytically, let ah, taken on a verti- 
cal passing through the centre of gravity of ABCD, be assumed 
equal to w, then ad^w cos, b will be the parallel, and bc=^w sin. b 
the perpendicular components with respect \o AB. 

The pressure p\ perpendicular to J>C, taken equal to de on its 
line of direction, being decomposed in a similar way, there results 
/or the parallel and perpendicular components 

e/'=— r y sin, a and df^=p cos. a; 
the component fc receiving the negative sign, since it evidently acts 
from B towards A, 

The friction of CD will be represented by fp\ and the cohesion by 
Cjzr, their sum, therefore, will be j5?'+c2r=^A, acting fromX) towards 
C, which being decomposed with respect to AB^ as above, there 
results 

gi == {fp* + cz) sin. a, and hi = (^' + cz) cos. a. 

Finally, the cohesion along AB is also cz. The equation of 
equilibrium, therefore, will be, 

P = ac — ef+gi—f{hc + df-\-U) — cz; 
or, substituting the values of these quantities, 
P = w COS. b — p' sin. a -\- {fp -{- cz) sin. a 

f \w sin. b-\-p' cos, a +Ji^fp -\-cz) COS. a\ — cz. , . (A) 
for the value of the pressure at the point B, 

The equation (A) gives rise to a remark which observation con- 
firms, that the value of P diminishes at any one point in propor- 
tion as the voussoirs above that point are respectively placed on the 
centre, so that it may at length become zero or even negative, and 
this has been found actually to be the case in practice, the voussoirs 
at certain points being observed to detach themselves from the cen- 
tre after a certain number of courses have been laid on it above 
them. 

The pressure on the centre by any voussoir ABCD, when first 
laid, will be represented by 

P — w{cos.b — /sin.Z>)— ^z; (B) 

which is the greatest pressure perpendicular to the rib, that can 
take place at any point; so that the total pressure can never exceed 
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that which would arise by adding together the values of P found by 
substituting in equation {B) the successive value of the angle b 
irom 330 to 9(F. 



NOTE VIII. 

On iht distribution of the weight sustained by a bridge over the 

Frame and Points of Support. 

The pressures which are thrown on the different parts of the 
frame work of a bridge, and the points of support, may arise, in 
part, from the constEuit weight of the road-way and other parts of 
the superstructure, and of a variable weight, which may be equally 
diffused over the road-way, as, for example, when it is crowded 
with -persons, or else when a weight acts at a particular point, as 
when a wheel vehicle is passing the bridge. The greatest weight 
which can be equally distributed over the road-way will arise from 
a crowd of persons on the bridge, and this weight has been esti- 
mated at lbs. on a square foot. 

To ascertain the action of these different weights on the different 
parts of the frame, it will be necessary, in the first place, to find the 
value of their components which act on the parts. Let there be consi- 
dered a frame (Fig. c) composed of sleepers, supported by struts 
alone ; and let the weight be supposed equally distributed over the 
road-way. Designate by I the length jBD, — by ^Z' the length 
GD= CD\ — by a the angle DAB, — and by w the weight on the 
unit of surface. Now since the struts are connected with the sleepers 
by joints at J) and 2>', the sleeper should be regarded as composed 
of the three parts BD, DD' and D'jB'. The weight, therefore, which 
is equally distributed over the sleeper, may be represented by wl 
for jBD, by wl' for BD\ and wl for B'B'; so that at the points B 
and 2>', there will act vertically a weight represented by w{H + ^/'). 
But this weight, from the connection between the struts and sleeper, 
will be sustained partly by the strut, and partly by the part of the 
sleeper DD* which, owing to this connection, acts as a straining 
beam. The component in the direction AD is represented bj 

COS. a ' 
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tnd that in the direction DjD, by 

w(^Z + i/')tan.a, 
which component, with the opposite and equal component from D' 
toward J>, will tend to compress the part DU; but this part is also 
acted on by the weigfht wV, equally distributed over it, which weigfht, 
acting downwards, tends to bend the beam, and therefore adds to 
the compression on the upper fibres. This part therefore may be 
considered in the same state as if it were confined at C, and each 
half CD' = CD submitted to the two forces, V3{^1 +\V) tan. a, act- 
ing from D towards C, and ^l acting at D vertically upwards. 
From an investigation of the resistance which the part BD^ should 
offer to these forces, so that the structure shall be ''secure, it appears 
that the following relations must exist, 

in which d represents the depth, and h the breadth of the cross sec- 
tion, supposing the beam rectangular ; and R' the greatest weight 
which can be laid with safety on the unit of surface of the cross 
section, as given in the subject of Strength of Materials. 

The resistance which the strut AD should offer, will be 
calculated in the same way as that of a beam placed vertically 
and confined at its lower end, which sustains a weight equal to 

, . " 

cos. a 

If the frame is supposed to be acted on by a weight W at the 
point C, for example, besides the weight w uniformly distributed 
over each unit of surface, the foregoing components will become 

cos. a 
and iPT + w{\l + \V) tan. a. 

The value of R, from which the cross section of DJ)' is found, 
will become 

R = 2^^ + ^^-3 . . (B). 

If there be considered (Fig. e) the case, in which the frame con- 
sists of a sleeper sustained by two struts and a straining beam, the en- 
tire pressure, arising from the horizontal component of the weight 
will be sustained by the straining beam alone ; but the resistance 
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of the part Djy to flexure, from the downward tendency of the 
weight, will he due hoth to the sieger and straining heam, and the 
equations (A) and (B) must be modified to suit this new circum- 
stance. These modifications will give very nearly . 



it = r-; 1- 



bd ' 4bd'' ' 



and 



\W+w(l + l')\ inn, a 3(W+iwl')il\ 
2bd "^ bd"' ' 

in which d' is the sum of the depths of the sleeper and straining 
beam, their breadth being considered uniform, and the other letters 
designate the same parts as in the foregoing case. 

When several struts and straining beams are used, the resistance 
which each should offer may be readily calculated by the aid of 
the cases just treated. 

To calculate the effect of these various forces on the abutment 
AhBd, it must be observed, that at the point A there will be a down- 
ward pressure equal to the vertical weight acting at the point D, 
whilst at B there will also he a downward pressure, due to the 
weight distributed ovet the half of JBD, the sum of these pressures 
act sensibly along the vertical Bb^ their moment, therefore, added 
to that of the weight of the abutment abBd taken with respect to 
the point a, will give the resistance of the abutment to a force which 
would tend to thrust it outwards by turning around the point a. 
The only force which will have any tendency to throw the abut- 
ment over will be the horizontal component of the pressure at D, 
which component acts horizontally on the abutment at A ; its mo- 
ment, therefore, in the case of a strict equilibrium must be equal to 
the sum of the moments just spoken of. 



NOTE IX. 



Method of determining the elevation of the exterior rail of a 

Curved Track, 

A curved track of a rail-way presents several causes of retarda- 
tion to the velocity of the cars ; the first arises from the successive 
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shocks of the flange of the exterior wheel against the exterior rail, 
caused by the tendency of the vehicle to continue its motion in a 
right line ; — the second arises from the friction of the flange against 
the same rail, occasioned hy the action of the centrifugal force, 
which tends to throw the vehicle outwards from the track ; — and 
the third is occasioned by the unequal distances which the interior 
and exterior wheels must pass over in the same time, which causes 
the exterior wheel to be dragged over a portion of the exterior 
rail, equal to the difference of length beween the two rails, owing 
to the wheels being solidly connected with the axle-tree. 

A remedy has been sought for these causes of retardation, first, 
in so arranging the wheels, that they may revolve on unequal dia- 
meters, by which means the exterior wheel, the diameter of which 
is greatest, will pass over a greater distance than the interior 
one, in the same number of revolutions, whilst it also produces the 
eflect of giving the vehicle a curvilinear, instead of a direct mo- 
tion ; and second, in elevating the exterior rail so as to counteract 
the tendency of the centrifugal force. 

The manner of arranging the wheels to remedy the first and 
third causes of retardation does not properly come within the limits 
of this course ; but, from its connection with the means used to 
counteract the centrifugal force, it will be necessary to enter into 
an explanation of the principle of the arrangement Let AB, and 
CD (Fig. f ) be the arcs of two rails of a curved track, of which 
O is the centre. Designate by R the radius OA, and by a=AC 
the width of the track, — ^by r the semi-diameter of the wheel on 
the interior rail, and by r' that of the exterior wheel. 

Now, in order that the exterior wheel shall not drag on any part 
of its rail, it must make the same number of revolutions on CD that 
the interior wheel makes on the similar arc AB ; therefore, the 
circumferences of the wheels must be to each other as these arcs ; 
but the circumferences of the wheels are to each other as their 
semi-diameters, atid the arcs are as their radii, consequently the 
ratio of the semi-diameters is equal to that of the radii, or 

r^ R + a 

from which by reduction, and the subtraction of r from both mem- 
bers of the equation, there results 
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2ar 

for the difierence d of the semi-diameters of the wheels which will 
satisfy the required condition. But were the wheels to receive this 
difference of semi-diameter throughout, they could not run on a 
straight track, to comhine then hoth advantages, the tire of the 
wheel is made slightly conical, the diameter within the track 
heing greater than that without it. Let A (Fig. g) be the interior, 
and B the exterior wheel, of which the conical form is given by 
the slope ah, the ratio ae of the base of which and the perpendicu- 
lar ^ is given, that is 

cu: e' 
Now, if the wheels are running on a straight track, on the semi- 
diameters o'flft =1^, and it be wished to make them run on a curved 
track, which requires a difference of semi-diameters o'm! — om^^ 
T* — r, it will be necessary to displace the wheels laterally, by a 
Certain quantity which must be found by calculation* To find this 
quantity, suppose the wheels displaced ; it is evident that the point 
99%* of A vnli be lowered a certain quantity, whilst the point m' of 
-6 will be raised exactly the same quantity by this displacement ; 
^lierefore, if m'mbe equal to r* — r, the line mn, parallel to o</, will 
equal to.doable the lateral displacement, but 

Win ac 

fli'm be 

mn = c mn = « (r* — r), . 
tJierefore, 

^nd aobadtnting lor / — r the value just found, there results 

, ear 

for the displacement which will make the diffisr^nce <^ the semi' 
diameters eqoal to that which will cause the wheels to make tbe 
same number ol rerolotioDS in passiog over the two cmnres <A tbe 
track. 

But since the action of the centrifbgal ibrce tends to eflcci tins 
displacement, the next point to be arranged is to r^olate this 
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tion in such a way ihftl the displacemcul Bhall not exceed tliai 
which is strictly required, as just found. 

Irfl /dcsignale the centrifugal force, — M the mass of the vehi- 
cle, — I' its velocfly, and W ihe arc described by centre of gravity 
of the vehicle during the motion on the curved track, — then by a 
law of dynamics, 

but M= — iu which W la the total weight of M, and g the ac- 

g 
celeraling force of gravity, therefore there mulls 

for the value of the centrifugal force of a vehicle, whose weight is 
W, when moving with a velocity r on a curve, whose radius is R. 

As the force/acts outwards from the track, the force by which 
it is to be counteracted must act in a contrary direction to it. ThiB 
counteract in g force is thai of gravity, which, when the exterior 
rail is elevated, tends to cause the vehicle to sltde inwards, in a 
direction contrary to thai of the centrifugal force. The problem, 
therefore, (o be solved, is to find the qLiaolily by which the exterior 
rail must be elevated in order that the component of gravity alon" 
the inclined plane, crosswise the track, which is dne to this eleva- 
tion, and to the displacement of the wheels, shall exactly couDle^ 
balance the effect of the centrifugal force. 

Let the two wheels A, and B, (Fig. h] be supposed on a level 
track, and resting on the equal semi-diameters o'm' and o"in", then, 
if they are displaced laterally by the quantity d', the point o* will 
descend to ihe point p, whilst the point o' on B will be raised by 
exactly the same quantity, each of whiah is equal to <f the diffac- 
ence of the semi-diameters on which the wheels rest after their 
displacement. The wheels, therefore, wiUbeinthesamestateasif 
they were on an inclined plane whose length is o-^V^M^Seience 
between the width of the track and the displacement £, aqd altitude 
ia 3(j, or twice the difference of the semi-^liameterB. Zjot the rail 
on which B rests be supposed now to be raised a quantity repre- 
sented by y, the altitude of the inclined plane wili then become 
y+'id, hut sincethe component of gravity along an inclined plane 
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is expressed by the weight of the body multiplied by the ratio of 
the altitude to the length of the plane, this component, in the case 
in point, will be 

_„ y + ^ 
a— a 
Now the conditions of equilibrium between this component and the 
centrifugal force require that, 

•^- a—d'~' gR" 
from which there results, 

for the required elevation. By substituting in this expression the 
values of d and d\ as already found, the value of y will be known 
for any velocity i? on a curved track, the radius of the middle point 
of which is R\ 



NOTE X. 

Methods of Gauging Water Courses and determining the relations 
between the slope and cross section of Canal Feeders, 

The ordinary method of guaging small water courses, consists in 
erecting a dam at some suitable point across the bed of the stream 
in which a sluice or orifice of a rectangular form is made, through 
which the water is allowed to run, until the level of the pool above 
the dam remains sensibly the same, in which state it is evident that 
the quantity of water conveyed into the pool by the stream must 
be equal to that discharged from the orifice, and this last, therefore 
will truly represent the supply from the stream at the time the ob- 
servation is made. 

It is essential for the accuracy of this method, that the velocity 
at the orifice should remain uniform during the time of the obser- 
vation; to effect which, the head of water in the pool, or the height 
above the orifice, should be so great as to prevent any convergency 
of the fluid particles towards the orifice, except at a very short dis- 
tance from it ; the water in the pool must remain stagnant, and 

39 
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there must be no backwater nor other obstruction to the free efflux 
of the water through the orifice. 

The quantity discharged through the orifice, in a given unit of 
time, is calculated by a well known theorem of the discharge of 
fluids, which is 

in which a represents the area of the orifice ; y/^gh the velocity 
due to the head of water h above the orifice, and m is a constant 
quantity, by which the other two terms must be multiplied to ob- 
tain the true quantity discharged, since this quantity is less than 
that given by theory, which would be simply ay/2gh, owing to the 
phenomenon known as the contraction of the fluid vein. 

The value of m, as found from experiment, is stated dififerently 
by different writers on this subject. It appears, firom the most re- 
eent experiments, that its value is not eflected by the width of the 
orifice, but depends entirely on its height and the head of water. 
For a head of water of five feet above the orifice, and a height 
of orifice varying between half an inch and two inches, m is re- 
presented very nearly by the fraction 0,617; for a height of orifice 
of four inches and the same head of water m = 0,610, and for 
eight inches m = 0,602. 

There are other formula for the same purpose which are based 
on the same principle, this is however the most simple, and when 
m is determined to suit it, is therefore the best. In all cases the 
sides of the orifice must be very thin, such, for example, as a sheet 
of tin, or a thin board would furnish. 

Mr. De Prony has given a method, in his writings on this sub- 
ject, by which the indetermination introduced by using the con- 
stant 771 may be avoided, which is characterized by all that elegance 
and ingenuity in the solution for which this great writer on physi- 
co-mathematics is distinguished ; but it requires in practice a prepa- 
ration and nicety of observation which are seldom at the disposal 
of the engineer. 

The most accurate method, when it can be resorted to, consists 
in receiving the water discharged in a vessel of known dimensions 
and noting the time it takes to fill the vessel. 

When it is not practicable to dam back the water, it will be ne- 
cessary to ascertain the area of the cross section of the stream, and 
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its mean, velocity for a given unit of time, at some particular pointy 
and the product of these two elements will give the quantity which 
flows through the cross section in a given time. 

To find the mean velocity, it is first necessary to ascertain the 
gpreatest velocity of the stream at the surface, which usually will 
be the velocity of the middle thread of the surface. This may he 
(Jone, in a very simple way, hy placing a small float of some ma- 
terial, whose specific gravity is nearly the same as that of water, 
as, for example, pure camphor or white wax, in the current, and 
noting the time it takes it to pass hetween two fixed points ; hav- 
ing" done this, if this velocity per second in feet be denoted by V, 
and the mean velocity by v, there will obtain 

_ 7(7+7.78188) ^ 
^-" 7 + 10.34508 ' 
\irhich expression gives the measure of the mean velocity in feet. 

Theory shows that there are certain relations between the form 
of the cross section of the bed of a stream, its slope, and the mean 
velocity of its current, from which two of these quantities being 
,^ven, the other can be found. These relations are expressed by a 
"ipvell known theorem, which is 

pv^ + at? = — . -—. 

in which ^ and « are constant quantities, determined from experi- 
ment, — a the area of the crose section, — p the portion of the peri- 
meter of the cross section in contact with the fluid, — h the diflerence 
of level between any two points of the bed, and I the horizontal dis- 
tance between those points. The quantity — is termed the mean 

raditis, and may be designated by JK ; the quantity— is the slope of the 

• bed, per unit of measure, and may be designated by i; introducing 
therefore these values in the preceding expression, and also for ^ 
and a their values, as found by experiment, there results 

0,00011 14 1;^ + 0,0000242651 t? = JKJ, 
from which either of the quantities v,R ox i may be found, when 
the others are known. 

This theorem, therefore, will serve to ascertain the supply 
furnished by a feeder, or a river, if the quantities in it can be ar^ 
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16 equation of equilibrium between the pressure and the resistance 
irill be 

fioahx^ = |AA^ sin. a, 
Tom which the value of z is easily found. 

When the rupture takes place along the line Ac, not passing 
through a, it will be necessary to find beforehand the most proba- 
ble position of the line Ac, Experiments have been made to ascer- 
tain this point, from which it seems that the position of Ac is gene- 
rally found such that Ad = 2cd. This being admitted, it will be 
necessary to find what length db of wall must be added to preserve 
the equilibrium. Designating this length db by x, the sum of the 
moments of the prism Adc, and the parallellopiped cabd will be 
expressed by 

wa^ h (fa + a;) + wazh X ix, 
and the equation of equilibrium, firom which x can be determined, 
will be 

^ahx^ + tra* h (fa -]- a) = f A^ i sin. a. 



NOTE XII. 

Manner of estimating the strain on the parts of the frame of a Lock- 
Gate, arising from the weight of the Gate, and the pressure of 
the water against it 

Any change of form in the frame of an ordinary lock-gate is 
prevented, either by a brace of wood AC, (Fig. k) or by a tie of 
wrought iron BD, in which case the entire weight of the gate is 
borne by the brace or tie, and the upper or lower cross pieces, thus 
relieving the intermediate cross pieces from any other strain but 
that arising from the pressure of the water. 

To estimate the portions of the weight borne by the brace AC, 
and the top piece BC, designate by IF a weight, which, suspended 
at the point C, will produce the same effect as the weight of the 
gate itself acting at its centre of gravity; and by c the angle BAC 
between the brace and the quoin-post ; then the component of W in 
the direction A C, which compresses the brace, will be represented by 

W 

COS. c 
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•nl tilt iMuIm on tha picea JIO wUl b« 

To eatiinate the itiam on my one of tho crots pieeos u JSF, 
may be regarded at aapporting thepremira of water onWfdi^il^^^ 
tenrals between it and the croat piecea juit abore and bdo# i^ 
Deaignating therefere the preaanre on a onift of length ttMhf-j^ ^ 
and the length of £Fby 2^ the total {nreiaare, nnifbrmly dklribWai-^^* 
oyer it, will be represented by 9p{. Bat when the two leafea (Fig. Ij^-^^^ 
are closed, the one throws a pressure on the other whieh tends lufcJ^^** 
compress the cross pieces. To find this strain^let « deaignate 
angle DAA\ which is half the anpplement of that between thalpavsa^^ 
or of jD, then the pressure %»{, which is uniformly dis tril ntsd 
AD and acts perpendicularly to it, may be regarded as 
into its two parallel components, one acting at A and the other 
1>, each of which wiU be repreaented by flL Bnt the com] 
at ii is destroyed by the resistance of the quoins, whilst the 
D may be decompkNied into two others, one pandlel to AA\ which 
be destroyed by the equal and opposite component of the other lea^ 
and the other in the direction DA^ which tends to compress the eroa^ 

piece, and is represented by -^ — . The cross piece EFmaj, there- 
fore, be consideaed as a piece confined at its middle point, and each 
half of it submitted to a strain j»^ uniformly diffuaed OTor it, and (jO a 

compression — — . 
'^ tan. a 

To estimate then the relations between the cross section of this 

piece, and the greatest strain that should be borne by a unit of its 

surfoce, there will obtain 

j^i^ Pl .j^ 

db tan. a "^ W« * 

in which h represents the Tertical, and d the horizontal dimension 
of the cross section, its form being a rectangle. 
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